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(57) ABSTRACT

Materials and methods for preparing mesenchymal stem
cells are described such that the mesenchymal stem cells
remain for a longer period of time than would normally be
found at a site of tissue healing. The mesenchymal stem cells
are pretreated to exhibit osteogenic characteristics and,
when combined with extracellular matrix components pro-
duced from the pretreated cells, improve tissue healing.
Co-administration of the pretreated cells and their secreted
extracellular matrix components at an injured site or defect
allowed the mesenchymal stem cells to co-localize at or near
the injured or defect site for a longer period. The combina-
tion improves overall repair of the tissue by extending the
retention signal of mesenchymal stem cells. A three-dimen-
sional scaffold containing the pretreated cells with or with-
out addition of the secreted extracellular matrix is also
described. The conditioned scaffold is suitable for use in
vivo and may be preserved cryogenically prior to use.
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FIG. 10A
Affimetrix Entrez Fold up-
Accession Gene code Transcript Accession regulation
#208096_s_at | COL21A1 collagen, type XXI, alpha 1 NM_030820 4.6353
218918_at MANICI mannosidase, alpha, class 1C, member | NM_020379 4.1228
FGF7 NM_002009 ///
KGFLP1 fibroblast growth factor 7 (keratinocyte | NR_003670 ///
1554741 _s_at | KGFLP2 growth factor) /// keratinocyte growth NR_003674 4.0838
chitinase 3-like 1 (cartilage glycoprotein-
209395_at CHI3L1 39) NM_001276 4.0095
chitinase 3-like 1 (cartilage glycoprotein-
209396_s_at | CHI3L1 39) NM_001276 3.9341
NM_001854 ///
NM_080629 ///
*37802_at COLI11A1 collagen, type XI, alpha 1 NM_080630 3.754
213791 _at PENK procunkephalin NM_006211 3.7017
209596_at MXRAS matrix-remodelling associated S NM_015419 3.4674
fibroblast growth factor 7 (keratinocyte
205782_at FGIF7 growth factor) NM_002009 3.4308
NM_001854 ///
NM_080629 ///
*204320_at COL11A1 collagen, type XI, alpha | NM_080630 3.3171
gremlin 2, cystcine knot superfamily.,
240509_s_at | GREM2 homolog (Xenopus laevis) NM_022469 3.2038
243140_at ACTA2 Actin, alpha 2, smooth muscle, aorta NM_001613 3.1363
207761_s_at | METTL7A mcthyltransferasc like 7A NM_014033 2.9856
#203477_at COL15A1 collagen, type XV, alpha 1 NM_001855 2.9769
phosphodiesterase 1A, calmodulin- | NM_001003683
208396_s_at | PDE1A dependent NM_005019 2.9331
potassium channel, subfamily K, member
220540_at KCNK15 15 NM_022358 2.9049
NM_001040092
cctonucleotide NM_001130863
209392_at ENPP2 pyrophosphatase/phosphodiesterase 2 NM_006209 2.8759
NM_032379 ///
NM_032943 ///
NM_206927 ///
NM_206928 ///
NM_206929 /i/
232914_s_at | SYTL2 synaptotagmin-like 2 NM_206930 2.8679
205475_at SCRGI1 scrapic responsive protein 1 NM_007281 2.8483
WNTI inducible signaling pathway protcin
205792 _at WISP2 2 NM_003881 2.7649
238178_at --- - --- 2.7157
243431 _at — — — 2.6719
239907 _at --- - --- 2.5924
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FIG. 10B
Affimetrix Entrez Fold up-
Accession Gene code Transcript Accession regulation
NM_001128933
NM_001128934
225720_at SYNPO2 synaptopodin 2 NM_133477 2.571
238623 _at - - — 2.5685
NM_001174 /i1
NM_006125 /i
NM_013422 ///
NM_013423 ///
206167_s at | ARHGAP6 Rho GTPasc activating protcin 6 NM_013427 2.5653
extracellular matrix protein 2, female organ
206101 _at ECM2 and adipocyte specific NM_001393 2.5561
206201_s_at | MEOX2 mesenchyme homeobox 2 NM_005924 2.5237
NM_005329 ///
223541 _at HAS3 hyaluronan synthase 3 NM_138612 2.4805
family with sequence similarity 20,
241981 _at FAMZ20A member A NM_017565 24716
NM_004370 /1
#231766_s_at | COL12A1 collagen, type XII, alpha 1 NM_080645 2.4679
cysteine-rich  secretory protein  LCCL
223475_at CRISPLDI1 domain containing 1 NM_031461 2.4565
202532_s_at | DHFR dihydrofolate reductase NM_000791 2.452
206932 _at CH25H cholesterol 25-hydroxylase NM_003956 2.4517
232538_at - --- --- 2.4404
NM_001128933
NM_001128934
225895_at SYNPQO2 synaptopodin 2 NM_133477 2.4075
protein tyrosine phosphatase, receptor type,
1569323_at PTPRG G NM_002841 2.4064
1555852_at --- --- --- 2.3998
NM_002380 ///
202350_s_at | MATN2 matrilin 2 NM_030583 2.39
NM_004370 ///
*225664_at COL12A1 collagen, type XII, alpha 1 NM_080645 2.3755
NM_015225 ///
1552455_at PRUNE2 prune homolog 2 (Drosophila) NM_138818 2.3733
NM_000141 ///
203638_s_at | FGFR2 fibroblast growth factor receptor 2 NM_022970 2.3645
231031 _at KGFLP2 keratinocyte growth factor-like protein 2 NR_003670 2.3632
NM_001040092
ectonucleotide NM_001130863
210839_s_at | ENPP2 pyrophosphatase/phosphodiesterase 2 NM_006209 2.3545
219087 _at ASPN asporin NM_017680 2.3531
NM_001128933
NM_001128934
227662_at SYNPO2 synaptopodin 2 NM_133477 2.3517
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FIG. 10C
Affimetrix Entrez. Fold up-
Accession Gene code Transcript Accession regulation
metastasis associated lung adenocarcinoma
224559 _at MALATI transcript 1 (non-protein coding) NR_002819 2.3385
228750_at --- - --- 2.3374
204072_s_at | FRY furry homolog (Drosophila) NM_023037 2.3333
235821 _at --- - --- 2.3267
229802 _at --- - - 2.3213
hydroxysteroid (17-beta) dehydrogenase 6
37512 _at HSD17B6 homolog (mouse) NM_003725 2.3211
205609_at ANGPTI angiopoietin 1 NM_001146 2.3146
204984_at GPC4 glypican 4 NM_001448 2313
NM_000601 /i
NM_001010931
NM_001010932
hepatocyte growth factor (hepapoietin A; | NM_001010933
209960_at HGF scatter factor) NM_001010934 2.3081
227419_x_at | PLACY placenta-specific 9 NM_001012973 2.3017
NM_000601 /i
NM_001010931
NM_001010932
hepatocyte growth factor (hepapoictin A; | NM_001010933
210997 _at HGF scatter factor) NM_001010934 2.2886
NM_005112 /i
240282 _at WDRI1 WD repeat domain 1 NM_017491 2.2805
222253_s_at | DKFEZP434P211 | POM121-like protein NR_003714 2.2732
205713_s at | COMP cartilage oligomeric matrix protein NM_000095 2.2649
NM_005233 /i
206070_s_at EPHA3 EPH receptor A3 NM_182644 2.2648
potassium  voltage-gated channel, [sk-
222379 _at KCNE4 related family, member 4 NM_080671 2.2513
1565706_at - --- -—- 2.2456
1559391 _s_at | --- - --- 2.2435
241734 _at SRFBP1 scrum responsc factor binding protein 1 NM_152546 2.2306
#212865_s_at | COL14A1 collagen, type XIV, alpha 1 NM_021110 2.23
NM_001854 7/
NM_080629 ///
#229271_x_at | COL11A1 collagen, type XI, alpha 1 NM_080630 2.2261
natriuretic peptide receptor C/guanylate
219789 _at NPR3 cyclase C (atrionatriurctic peptide rec NM_000908 2.2233
240277 _at - - - 2.2192
XR_041581 /i1
XR_041582 //f
232298_at hCG_1806964 | hCG1806964 XR_041583 2.2154
229554 _at --- - --- 2.2139
227265_at FGL2 fibrinogen-like 2 NM_006682 2212
242110_at --- --- --- 2.2057
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FIG. 10D
Affimetrix Entrez Fold up-
Accession Gene code Transcript Accession regulation
216147_at --- -—- — 2.2053
225975_at PCDH18 protocadherin 18 NM_019035 2.205
NM_001003679
NM_001003680
209894 _at LEPR leptin receptor NM_002303 2.2043
241789_at --- - --- 2.1941
205907_s_at | OMD osteomodulin NM_005014 2.1878
228218 _at --- - --- 2.1728
239614 _x_at | --- - --- 2.1653
231067_s_at | --- - --- 2162
220076_at ANKH ankylosis, progressive homolog (mouse) NM_054027 2.1592
243495 ¢ at | --- - --- 2.1562
241780_at --- - -—- 2.1554
203854 _at CFI complement factor | NM_000204 2.1501
236325_at KIAA1377 KIAA1377 NM_020802 2.1457
226930_at FNDC1 fibronectin type Il domain containing 1 NM_032532 2.1401
cytochrome P450, family 1, subfamily B,
202437_s_at | CYP1BI polypeptide 1 NM_000104 2.1399
NM_003713 /1
212230_at PPAP2B phosphatidic acid phosphatasc typc 2B NM_177414 2.1367
NM_001003688
208015_at SMAD1 SMAD family member 1 NM_005900 2.1321
solute carrier family 16, member 1
202234_s_at | SLCI6A1 (monocarboxylic acid transporter 1) NM_003051 2.1296
232768_at CCNB2 Cyclin B2 NM_004701 2.1289
1557487 _at --- - --- 2.1284
220479 _at --- - --- 2.1206
NM_001123 /1
204120_s_at | ADK adcnosine kinasc NM_006721 21171
203813_s_at | SLIT3 slit homolog 3 (Drosophila) NM_003062 2.114
NM_199511 /1
243864 _at CCDCS80 coiled-coil domain containing 80 NM_199512 2.1122
235611 _at --- - --- 2.1096
caspase-1  dominant-negative  inhibitor | NM_001017534
1552701_a_at | COP1 pseudo-ICE NM_052889 2.1087
227300_at TMEM119 transmembrane protein 119 NM_181724 2.1076
heterogeneous nuclear ribonucleoprotein U | NM_004501 ///
235603_at HNRNPU (scaffold attachment factor A) NM_031844 2.1065
242300_at --- - --- 2.0996
219054 _at C5orf23 chromosome 5 open reading frame 23 NM_024563 2.0991
1557437 _a_at | --- - --- 2.0973
223797_at PRO2852 hypothetical protein PRO2852 - 2.095
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FIG. 10E
Affimetrix Entrez Fold up-
Accession Gene code Transcript Accession regulation
NM_001920 ///
NM_133503 ///
NM_133504 ///
NM_133505 ///
NM_133506 ///
209335_at DCN decorin NM_133507 2.0913
243904 _at - --- --- 2.0901
coagulation factor IT (thrombin) receptor-
230147_at F2R12 like 2 NM_004101 2.0895
XR_041619 ///
XR_041620 1/
236046_at FLJ44896 FLJ44896 protein XR_041621 2.0875
204051_s_at | SFRP4 secreted frizzled-related protein 4 NM_003014 2.0821
cytochrome P450, family 1, subfamily B,
202436_s_at | CYPIB1 polypeptide 1 NM_000104 2.0799
205498 _at GHR growth hormone receptor NM_000163 2.0787
229121 _at -—- --- -—- 2.0719
family with scquence similarity 13, | NM_001001971
1554547 _at FAM13C1 member C1 NM_198215 2.0714
NM_002675 /i
NM_033238 ///
NM_033239 //f
NM_033240 ///
NM_033244 ///
239582 _at PML promyelocytic leukemia NM_033246 2.0669
cytochrome P450, family 1, subfamily B,
202435_s at | CYPIB1 polypeptide 1 NM_000104 2.0551
239449 _at - --- -—- 2.0496
227236_at TSPAN2 tetraspanin 2 NM_005725 2.049
235371 _at GLT8D4 glycosyltransferase 8§ domain containing 4 | NM_001080393 | 2.0488
v-maf musculoaponeurotic fibrosarcoma
218559_s_at | MAFB oncogene homolog B (avian) NM_005461 2.0484
NM_001025108
2277198 _at AFF3 AF4/FMR?2 family, member 3 NM_002285 2.0442
201369_s_at | ZFP36L2 zinc finger protein 36, C3H type-like 2 NM_006887 2.0429
NM_001134367 | 2.0417
solute carrier family 6 (neurotransmitter | NM_001134368
228754 _at SLC6AG transporter, taurine), member 6 NM_003043
228180 _at - --- --- 2.0377
235702_at -—- --- -—- 2.0359
NM_003713 ///
212226_s_at | PPAP2B phosphatidic acid phosphatase type 2B NM_177414 2.0343
235171 _at - --- --- 2.0335
cadherin 11, type 2, OB-cadherin
239286_at CDH11 (ostcoblast) NM_001797 2.0332
243982 at KLHL.28 Kelch-like 28 (Drosophila) NM_017658 2.0328
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FIG. 10F
Affimetrix Entrez Fold up-
Accession Gene code Transcript Accession regulation
218128_at NFYB nuclear transcription factor Y, beta NM_006166 2.0327
244010_at --- --- --- 2.0282
240307 _at --- - - 2.0184
215175_at PCNX pecanex homolog (Drosophila) NM_014982 2.0172
receptor  tyrosine kinase-like orphan | NM_001083592
232060_at RORI1 receptor 1 NM_005012 2.0156
237483_at --- - - 2.015
201010_s_at TXNIP thioredoxin interacting protein NM_006472 2.0146
212989_at SGMSI sphingomyelin synthase | NM_147156 2.0135
235337 _at --- -—- -—- 2.0086
NM_001102406
243352 _at ALPK1 alpha-kinase 1 NM_025144 2.008
242532 _at --- --- --- 2.0077
204963 _at SSPN sarcospan (Kras oncogene-associated gene) | NM_005086 2.0042
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FIG. 11A
Affimetrix Fold up-
Accession Gene code Transcript Entrez Accession | regulation
NM_001854 ///
NM_080629 ///
*37892_at COL11A1 collagen, type XI, alpha 1 NM_080630 4.1561
#208096_s_at | COL21A1 collagen, type XXI, alpha 1 NM_030820 4.1456
NM_001854 ///
NM_080629 ///
#204320_at COL11A1 collagen, type XI, alpha 1 NM_080630 3.9556
chitinase 3-like 1 (cartilage
209395_at CHI3L1 glycoprotein-39) NM_001276 3.549
213791 _at PENK procukcphalin NM_006211 3.251
chitinase 3-like 1 (cartilage
209396_s_at CHI3L1 glycoprotein-39) NM_001276 3.2317
205475_at SCRG1 scrapic rcsponsive protein 1 NM_007281 3.1565
NM_001854 ///
NM_080629 ///
#229271_x_at | COL11A1 collagen, type XI, alpha 1 NM_080630 3.1322
*203477_at COL15A1 collagen, type XV, alpha 1 NM_001855 3.0279
mannosidase, alpha, class 1C,
218918 _art MANIC1 member 1 NM_020379 27777
FGF7 /11 | fibroblast growth factor 7 | NM_002009 ///
KGFLP1 /11| (keratinocyte growth factor) NR_003670  /l/
1554741_s_at | KGFLP2 keratinocyte growth factor NR_003674 2.6439
209596_at MXRAS matrix-remodelling associated 5 NM_015419 2.5198
C-typc lectin  domain family 3,
205200_at CLEC3B member B NM_003278 2.4373
228325_at KIAAO0146 KIAAO0146 NM_001080394 2.3891
228707_at CLDN23 claudin 23 NM_194284 2.3831
238178 _at --- --- --- -2.3807
fibroblast growth factor 7
205782_at FGF7 (keratinocyte growth factor) NM_002009 2.3672
205713 _s_at COMP cartilage oligomeric matrix protein NM_000095 2.3656
222614 at RWDD2B RWD domain containing 2B NM_016940 2.3538
NM_001040092
ectonucleotide NM_001130863
209392_at ENPP2 pyrophosphatase/phosphodiesterase 2 | NM_006209 2.3511
WNTI1 inducible signaling pathway
205792_at WISP2 protein 2 NM_003881 -2.3288
206932_at CH25H cholesterol 25-hydroxylase NM_003956 2.3214
236224 _at RIT1 Ras-like without CAAX 1 NM_006912 2.2742
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FIG. 11B
Affimetrix Fold up-
Accession Gene code Transcript Entrez Accession | regulation
NM_000601 /7
NM_001010931
NM_001010932
hepatocyte growth factor (hepapoietin | NM_001010933
210997_at HGF A,; scatter factor) NM_001010934 2.2652
family with sequence similarity 20,
241981 _at FAM20A member A NM_017565 2.2571
204051 _s_at SFRP4 secreted frizzled-related protein 4 NM_003014 2.2505
227300_at TMEMI119 transmembrane protein 119 NM_181724 2.2483
201010_s_at TXNIP thioredoxin interacting protein NM_006472 2.2335
235666_at - - - 2.1944
keratin 14 (cpidermolysis  bullosa
209351 _at KRT14 simplex, Dowling-Meara, Koebner) NM_000526 2.1938
203812 _at -—- --- -- 2.174
gremlin 2, cysteine knot superfamily,
240509_s_at GREM?2 homolog (Xenopus laevis) NM_022469 2.1702
228834 _at TOB1 transducer of ERBB2, 1 NM_005749 2.164
244187 _at APOOL Apolipoprotcin O-like NM_198450 2.1621
solutc carricr family 40 (iron-
223044 _at SLC40A1 regulated transporter), member 1 NM_014585 2.1351
keratinocyte growth  factor-like
231031 _at KGFLP2 protein 2 NR_003670 2.1279
202575_at CRABP2 cellular retinoic acid binding protein 2 | NM_001878 2.1207
LOC100133432 | similar to Mucin-6 precursor (Gastric | NM_005961  ///
LOC100133761 | mucin-6) // similar to Mucin-6 | XM_001714734
1565666_s_at | MUC6 precursor XM_001718792 2.1197
NM_001130110
227478 _at SETBPI1 SET binding protein 1 NM_015559 2.0973
phosphodiesterase 1A, calmodulin- | NM_001003683
208396_s_at PDEIA dependent NM_005019 2.0825
228750_at -—- --- --- 2.0801
243495_s_at -—- - -- 2.0675
NM_004370 /1]
*225664_at COL12A1 collagen, type XII, alpha 1 NM_080645 2.0668
213872 _at -—- — -- 2.0653
mannan-binding lectin serine | NM_001031849
peptidase 1 (C4/C2  activating | NM_001879  ///
232224 _at MASP1 component of Ra-react NM_139125 -2.0594
227236_at TSPAN2 tetraspanin 2 NM_005725 2.0511
220121 _at -—- --- --- 2.0474
membrane protein, palmitoylated 7
238778 _at MPP7 (MAGUK p55 subfamily member 7) | NM_173496 2.045
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FIG. 11C
Affimetrix Fold up-
Accession Gene code Transcript Entrez Accession | regulation
NM_000141 /17
203638_s_at FGFR2 fibroblast growth factor receptor 2 NM_022970 2.0273
204052 _s_at SFRP4 secreted frizzled-related protein 4 NM_003014 -2.0267
cxtraccllular matrix protein 2, female
206101 _at ECM2 organ and adipocyte specific NM_001393 2.0248
XM_001716736
XM_001717475
1561398_at LOC644620 Similar to hCG2041997 XM_001718226 2.008
230291 _s_at NFIB Nuclear factor I/B NM_005596 2.0002
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MESENCHYMAL STEM CELLS AND
SUPPORTS FOR TISSUE REGENERATION,
REPAIR AND RECONSTRUCTION

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. patent appli-
cation Ser. No. 12/730,022 filed Mar. 23, 2010, which claims
the benefit of U.S. Provisional Application No. 61/210,764,
filed Mar. 23, 2009; each of which are hereby incorporated
by reference in their entirety and to the fullest extent
allowable.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The disclosed was made with government support under
R21 DKO071780 and P20RR020152-01 awarded by the
National Institutes of Health. The government has certain
rights in limited circumstances.

TECHNICAL FIELD

As disclosed herein are supporting materials and method
of making said biocompatible materials for in vivo and in
situ applications.

BACKGROUND

Tissue repair and reconstruction requires the reconstruc-
tive material to be biocompatible with its host. In addition,
said material must also cooperate with the regenerative and
repair processes in order for new tissue to suitably form in
three-dimensions with adequate strength and stability.
Unfortunately, many current materials are often poorly
suited for proper support of regenerative cells required for
reconstruction. In addition, many regenerative processes are
inadequate and end up with failure or require further surgical
time, which leads to higher cost and increased complica-
tions.

SUMMARY

Described herein are materials and methods for recon-
struction of one or more tissue types, including bone tissue.

Further described herein are materials and methods for
conditioning a solid material for use with said one or more
tissue types.

Still further, described herein are materials and methods
for providing a solid material in a cryogenic state, thus
cryogenically preserved and suitable for use at point of care.

Even further as described herein are one or more cellular
materials for reconstruction of a tissue, said cellular material
capable of being cryogenically preserved for later use at
point of care;

In one or more forms are described a composition com-
prising mesenchymal stem cells (MSCs) initially pre-treated
for differentiation into osteogenic cells and an extracellular
matrix mixture comprising components produced by mes-
enchymal stem cells pre-treated for differentiation into
osteogenic cells. The mesenchymal stem cells are pretreated
with an inhibitor of peroxisome proliferator-activated recep-
tor gamma. The mesenchymal stem cells may be pretreated
with 2-chloro-5-nitro-N-phenyl-benzamide. The mesenchy-
mal stem cells are generally pre-treated for five days to 2
weeks. The mesenchymal stem cells exhibit increased alka-
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2

line phosphatase activity after pre-treatment. The mesenchy-
mal stem cells produce calcium after pre-treatment. The
mesenchymal stem cells produce extracellular matrix nod-
ules after pre-treatment and an upregulation in gene expres-
sion for collagen types 1, 111, V, VI, XI, XII, XIV, XV and
XXI as compared with extracellular matrix produced by
mesenchymal stem cells not pre-treated for differentiation
into osteogenic progenitor cells. The extracellular matrix
mixture exhibits is rich in collagens associated with an
increased lysine level and a reduced hydroxyproline as
compared with extracellular matrix produced by mesenchy-
mal stem cells not pre-treated for differentiation into osteo-
genic progenitor cells. The extracellular matrix mixture
includes collagens that play role in skeletal development
and/or accelerated osteoblast activity as well as one that is
highest in highly vascularized tissues such as heart, stomach
and placenta. The extracellular matrix is generally recovered
from the MSCs by lyses, enzymatic digestion(s), solvent
extraction(s) and washing(s) to remove the cells and other
contaminating proteins while maintaining certain compo-
nents, including collagen-rich components of the ECM.
After processing, the extracellular matrix mixture may have
a fibrous appearance at low magnification and have distinct,
regularly oriented fibrils when examined by scanning elec-
tron microscopy. The extracellular matrix mixture may be
produced by independent mesenchymal stem cells and
extracted and separated from the independent mesenchymal
stem before incorporating into the composition. The com-
position when administered to a bone tissue defect enhances
retention signals for mesenchymal stem cells to remain at or
near the bone tissue defect during a remodeling phase of
healing.

Also described is a composition comprising a three-
dimensional scaffold for repair or reconstruction of bone
tissue, an extracellular matrix mixture in contact with the
three-dimensional scaffold, the extracellular matrix mixture
comprising components produced and extracted from mes-
enchymal stem cells pre-treated for differentiation into
osteogenic cells, and optionally comprising mesenchymal
stem cells initially pre-treated for differentiation into osteo-
genic cells and in contact with the three-dimensional scaf-
fold. The extracellular matrix mixture prior to contact the
three-dimensional scaffold is extracted from mesenchymal
stem cells after pretreatment with an inhibitor of peroxisome
proliferator-activated receptor gamma. The extracellular
matrix mixture is rich in collagen types I, 111, V, VI, XI, XII,
X1V, XV and XXI. The extracellular matrix mixture is in
contact with the three dimensional scaffold by incubating
mesenchymal stem cells with the three dimensional scaffold
for at least one week in the presence of an inhibitor of
peroxisome proliferator-activated receptor gamma. The cells
may be further incubated for a period of time with media
containing supplement(s) that promote mineralization. The
mesenchymal stem cells are removed prior to use of the
composition for repair or reconstruction of bone tissue. The
composition may be cryogenically preserved. The compo-
sition may be decellularized and then re-seeded with new
mesenchymal stem cells that have been initially pre-treated
for differentiation into osteogenic cells prior to use of the
composition for repair or reconstruction of bone tissue.

In addition embodiments are described a composition
comprising a three-dimensional scaffold for repair or recon-
struction of bone tissue and an extracellular matrix mixture
in contact with the three-dimensional scaffold, the extracel-
Iular matrix mixture comprising components produced and
extracted from mesenchymal stem cells pre-treated for dif-
ferentiation into osteogenic cells, wherein the composition is
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capable of cryogenic preservation with or without decellu-
larization. Prior to use and/or after cryogenic preservation
the scaffold may be reseeded with mesenchymal stem cells
pre-treated for differentiation into osteogenic cells. The
extracellular matrix mixture is in contact with the three-
dimensional scaffold after initially culturing with the mes-
enchymal stem cells and then decellularizing the three-
dimensional scaffold with a series of enzyme treatments and
washes

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments will be explained in more detail
with reference to the drawings in which:

FIG. 1A depicts representative MSC differentiation into
different cell types as described herein, wherein top row
(low power, left and high power, right) shows contrast
micrographs of osteogenic cultures stained for calcium with
Alizarin Red S, middle row (low power, left and high power,
right) shows adipogenic cultures stained for lipid vacuoles
with oil red O and bottom row (low power, left and high
power, right) shows micrographs of chondrocytes stained
with toludine blue (purple);

FIG. 1B depicts a representative immunophenotypic
analyses as described herein;

FIG. 1C depicts representative alkaline phosphatase
(ALP) activity of hMSCs described herein after culturing in
osteogenic media in the presence or absence of 10 mM
GW9662;

FIG. 2A shows a representative image of hMSCs detected
one week (top) and 3 weeks (bottom) after reconstruction as
described herein, wherein one million green fluorescent
protein (GFP) positive hMSCs were pretreated by osteo-
genically culturing with 10 pM GW9662 or vehicle and then
administered to calvarial defects at time zero and again 1
week and 2 weeks post surgery;

FIG. 2B shows a representative cell type expression of a
protein after reconstruction for the procedure described with
FIG. 2A, wherein relative calvarial human GAPDH expres-
sion is shown as normalized to murine GAPDH expression
(n=4);

FIG. 2C shows representative cell and tissue changes after
reconstruction as microCT of lesions in crania (left) and
axial reconstructions (right) at 2 and 3 weeks for the
procedure described with FIG. 2A;

FIG. 2D shows a representative relative radioopacity of
tissue after reconstruction as described with FIG. 2A,
wherein radio-opacity was measured by digital radiology
followed by densitometry and healing indices were the ratio
of lesioned to contra-lateral radio-opacity where complete
healing is designated 1 and air is designated zero and bar
plots represent range and mean (n=4) while mock assays
(n=2) are shown independently with the median;

FIG. 2E shows a representative immunostaining of cell
types after reconstruction as described herein, wherein the
magnification, 40x, of calvaria shows human (2-micro-
globulin (green) from week 2 with a greater number of
GW-hMSCs (see arrows, right image) engrafting adjacent to
bone tissue (b) when compared with controls (left image), in
which a murine cell layer (*) separated the main population
of hMSCs (+) from the bone;

FIG. 3A depicts representative characterization of an
ECM, as described, before and after processing as described
herein, including decellularized insoluble components
recovered from osteogenic cultures of MSCs, wherein the
general appearance of unprocessed ECM (top left) and by
electron micrograph (bottom left) with debris were associ-

10

15

20

25

30

35

40

45

50

55

60

65

4

ated with random orientation of fibrils as compared with
enzymatically and solvent processed ECM as described
(right panels) that were associated with fibrillar appearance
(top right) and regularly-oriented, more defined fibrillar
structure when visualized by electron microscopy (bottom
right);

FIG. 3B depicts representative characterization of ECM,
as described, before (left) after processing (right) as
described herein, wherein immunoblotting demonstrated
that processing depleted cellular proteins such as GAPDH
and P-actin, but preserved cellular matrix proteins such as
collagen type I;

FIG. 3C depicts a further characterization of ECM after
processing as described herein, showing X-ray diffraction
analysis of the inorganic component of the recovered ECM
showing brushite as a major form of calcium phosphate;

FIG. 3D depicts additional characterization of ECM,
obtained as described, after processing and then seeding
with GFP expressing hMSCs showing the seeded cells (top)
inhabited the external surface, mimicking a periosteal dis-
tribution and hMSCs exhibited high levels of alkaline phos-
phatise activity (bottom left) as compared with the control
(bottom right);

FIG. 3E depicts still further characterization of ECM,
obtained as described, after processing and seeding initially
with 1 million GFP-positive cells, which stabilized to about
200,000 cells, wherein the stabilized cells often favoured
surface attachment sites illustrated in FIG. 3D;

FIGS. 4A-4B depict representative treatment effects as
described, in which after GW9662 treatment, ALP activity
was substantially up-regulated (FIG. 4A) and the number of
ECM nodules detectable by phase microscopy was increased
(FIG. 4B, magnification, 10x);

FIG. 4C illustrates a representative volume of ECM
recovered after treatment as described, in which there was a
substantial increase in the yield with GW9662 treatment;

FIG. 4D depicts representative effect on calcium content
in ECM recovered after treatment as described herein, in
which the recoverable ECM presented with substantially
more calcium mineral than controls (DMSO treatment);

FIGS. 5A-5D depict representative examples in vivo after
defect repair and reconstruction as described herein, in
which groups during surgery received only pretreated
hMSCs, only ECM (recovered from pretreated hMSCs) or
both and all were re-administered with pretreated cells at 1
and at 2 weeks post surgery, such that after 3 weeks, the
defects were analyzed by microCT (FIG. 5A, top), by H&E
stained (FIG. 5A, bottom), by radio-opacity of the lesions as
in FIG. 2D (FIG. 5B), by relative calvarial human GAPDH
expression as in FIG. 2B (FIG. 5C, n=4), and by immunos-
taining of specimens with human B2-microglobulin (green)
demonstrating the presence of elongated clusters of hMSCs
at the surface of the bone when only pretreated cells were
administered the absence of ECM (FIG. 5D, left) as com-
pared with numerous cells exclusively within the matrix
upon co-administration of pretreated cells and ECM (FIG.
5D, right);

FIG. 6A illustrates a representative timeline for healing of
bone;

FIG. 6B depicts a representative outline for a method
described herein;

FIGS. 7A-7G depict another representative immunophe-
notypic analyses of a cell type described herein;

FIGS. 8A-8C depict representative images of mRNA
expression after repair and reconstruction as described
herein, wherein RT-PCR assays of human and murine
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GAPDH transcription were performed on explanted calvaria
of FIG. 2A (FIG. 8A, 8B) and FIG. 5B (FIG. 8C);

FIGS. 9A-9D depict representative images of immunos-
tained tissue after treatment as performed with FIG. 2E,
showing micrographs of immunostained human -2 micro-
globulin engrafted in calvarial bones after 2 weeks of
healing (right) and immunoglobulin controls (left);

FIG. 10, comprising FIGS. 10A through 10F, depicts
representative identification of genes one week after treat-
ment as described herein, in which up-regulated collagen
transcripts are identified by “*”;

FIG. 11, comprising FIGS. 11A through 11C, depicts a
representative identification of genes two weeks after treat-
ment as described herein;

FIG. 12 illustrates representative primer sets used as
described herein;

FIG. 13 depicts representative live MSCs in a frozen
support as described herein;

FIG. 14 depicts a representative process for conditioning
a scaffold as described herein;

FIG. 15 comprising FIGS. 15A and 15B depicts a series
of illustrations depicting the effect of Dkk-1 (FIG. 15A) or
the PPARy agonist, troglitazone (FIG. 15B) on alkaline
phosphatase (ALP) activity and osteoprotegerin (OPG)
secretion. ALP activity was visualized by staining and
measured by colorimetric assay. OPG was measured from
the medium by ELISA. Values were normalized to cell
number. Data are means+SD (n=6), p<0.05*, p<0.01%**.

FIGS. 16A-16C depict a series of illustrations depicting
the effects of p-glycerophosphate and ascorbic acid, BMP2,
dexamethasone (dex), and various agonists on osteogenesis.
FIG. 16A includes 3 bar graphs depicting monolayers of
hMSCs from 3 donors (A, B, and C) exposed to complete
media (CCM, see none), CCM with osteogenic base supple-
ments, 5 mM f-glycerophosphate and 50 pg-ml.-1 ascorbic
acid (osteogenic base media, see OBM), OBM with various
concentrations (in ng'ml.-1) of either bone morphogenic
protein 2 (BMP2, see BMP100 or BMP200), or dexametha-
sone (107 M, see dex). Note that the ALP levels are
substantially raised by OBM treatment and can be improved
further by high concentrations of BMP2 (n=3). FIG. 16B
depicts the effect of 50 uM of various PPARYy agonists on
ALP activity measured by colorimetric assay. All values
were normalized to cell number. Data are expressed as
means with standard deviations (n=6). Pioglitazone (pio),
rosiglitazone (ros), ciglitazone (cig), and troglitazone (trog)
were used. FIG. 16C includes two images demonstrating
that in the presence of high concentrations of PPARy ago-
nists, osteogenic cultures of hMSCs initiate adipogenesis
rather than osteogenesis. After 20 days of differentiation in
OBM containing 10™® M dex and 10 pM troglitazone,
cultures show Oil Red O-positive lipid islands (left) and only
weak mineralization (Alizarin red S [ARS)] staining, right).

FIG. 17, comprising FIGS. 17A through 17D, depicts a
series of images depicting the effects of BIO and GW. FIG.
17A demonstrates that BIO and GW are predicted to up-
regulate Wnt signaling by direct inhibition of GSK3{ or by
ablating PPARy mediated negative crosstalk respectively.
FIG. 17B is an image of a fluorescent microscopy of hMSCs
with counterstained nuclei (pico-green, left) or cy-3 labeled
anti-f-catenin stained nuclei (right). FIG. 17C depicts
immunoblots of cytosolic GSK3f (C GSK3(p), nuclear
p-catenin (N (p-cat) and nuclear PPARy (N-PPARY) on
extracts of hMSCs treated with BIO or GW. Blots were
normalized for cytosolic proteins with GAPDH(C GAPDH)
and for nuclear proteins by silver stain. FIG. 17D depicts
immunoblots of whole cell and cytosolic extracts of hMSCs.
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FIG. 18 comprising FIGS. 18A and 18B depicts a series
of'images depicting cell cycle analysis of vehicle, BIO-, and
GW-treated cells after 8 days in culture. FIG. 18A is an
image depicting DNA content measured by propidium
iodide incorporation, followed by fluorescent activated cell
sorting. All cultures had similar cell cycle profiles, with the
predominant population in G, suggesting a degree of con-
tact inhibition. Although cells treated with 800 nM BIO were
semiconfluent, the cell cycle status of these hMSCs was
similar to the other groups, suggesting cell cycle inhibition
that was not related to culture density. Representative cul-
tures of control, BIO-, and GW-treated cells counterstained
with eosin are presented with the cell cycle profiles to
demonstrate the relative culture densities. FIG. 18B is an
image depicting immunoblots of cleaved caspase-3
(Asp175) on whole cell extracts of hMSCs treated with BIO
or GW. There is no evidence of caspase 3 processing. Note
the potential cross reactivity with procaspase 3. Blots were
normalized with GAPDH.

FIG. 19 comprising FIGS. 19A through 19D depicts a
series of images depicting hMSCs incubated in osteogenic
media with BIO or GW. After 8 days of culture, ALP activity
was measured (FIG. 19A) and normalized to cell number
(FIG. 19D). OPG and Dkk-1 was measured from the media
by ELISA (FIGS. 19B and 19C). Data are means+SD (n=6),
p-values p<0.05%, p<0.01%*,

FIG. 20 is a Venn diagram summarizing the major
microarray analysis results. Human MSCs were treated with
200 or 800 nM BIO or 1.0 or 10.0 p.M GW9662 in
osteogenic media for 8 days. RNA was then extracted and
subjected to Affimetrix microarray analysis. Results were
subjected to hierarchical clustering, and three main clusters
were evident—up-regulated in GW9662 and BIO when
compared to controls, up-regulated in control cells when
compared to BIO and GW9662 groups, and profoundly
down-regulated in GW9662 treated cells, but modestly
up-regulated in BIO-treated cells when compared to con-
trols. The genes within each cluster were then sorted based
on their gene ontology tags (GO tags). The Venn diagram
represents the clusters, and the text represents the major GO
tag designations within the clusters. Details are presented in
supplemental tables. Note that the P values for the clustering
were extremely low (in the order of 1x107° to 1x1071%)
demonstrating that the probability of a given set of genes
clustering due to random occurrence was virtually zero.

FIG. 21 comprising FIGS. 21A and 21B depicts a series
of images depicting hMSCs incubated in osteogenic media
containing BIO or GW for 8 days. The cultures then received
dex containing osteogenic media for a further 15 days (FIG.
26A). Cultures were stained for calcium with ARS. For
semi-quantification, the stain was re-extracted and measured
spectrophotometrically. Both BIO (FIG. 21A) and GW (FIG.
21B) pre-treatment enhanced mineralization.

FIG. 22 comprising FIGS. 22A and 22B depicts a series
of imaged depicting osteoinductive properties of clotted
human plasma. Confluent cultures were partially overlaid
with clotted plasma. FIG. 22A is an image depicting osteo-
genic medium containing dex or control medium, and dif-
ferentiation proceeded for 10-20 days. FIG. 22B is an image
demonstrating that after 10 days, cultures were stained with
ARS to visualize calcium. When treated for 10 days, only
the hMSCs in contact with the plasma mineralized.

FIG. 23 comprising FIGS. 23 A and 23B depicts a series
of images depicting cultures incubated in osteogenic media
containing dex and BIO or GW (FIG. 26B). After 17 days,
monolayers were stained for calcium with ARS (FIG. 23A).
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For semi-quantification, the stain was re-extracted and mea-
sured spectrophotometrically (FIG. 23B).

FIG. 24 comprising FIGS. 24A through 24D depicts a
series of images depicting immunohistochemistry of 24-h-
old calvarial lesions loaded with GFP-labeled hMSCS. (24A
and 24B) GFP-labeled hMSCs administered above the
lesion (arrowed). (24C and 24D) Immunocytochemistry for
hMSCs by using an anti-humanf-2 microglobulin antibody.
The staining is localized exclusively to the GFPlabeled
hMSCs, with the expected membranous distribution (24D
Inset).

FIG. 25 comprising FIGS. 25A and 25B depicts a series
of'images depicting 3 mm diameter calvarial defects induced
in nude mice. One million hMSCs pretreated with BIO or
GW were mixed with plasma and administered to the bone
lesion. Subsequent doses were injected at 14 day intervals
until day 50 (FIG. 26C). FIG. 25A depicts x-rays of
explanted crania. For the GW group, specimens representing
the range of the standard deviations are presented. FIG. 25B
depicts the ratio of lesioned to contralateral (intact side)
radio-opacity calculated by image analysis software. Data
are meanstSD (n=6, n=5 for mock) p-values *<0.05,
**<0.01.

FIG. 26 comprising FIGS. 26A-26C depicts a series of
imaged depicting experimental timelines. FIG. 26 A depicts
an assay of BIO and GW pretreatment on late-stage osteo-
genesis. FIG. 26B is an assay simultaneous BIO and GW
treatment on late-stage osteogenesis. FIG. 26C is an assay of
in vivo bone repair.

FIG. 27 comprising FIGS. 27A-27D depicts a series of
images depicting new bone formation in the GW treated
groups. FIG. 27A is an image depicting a hematoxylin and
eosin (H&E) stained longitudinal sections at the diameter of
the lesions. New bone can be observed in the GW treated
injuries. FIG. 27B is an image depicting an ultraviolet
microscopy of transverse sections for tetracycline (new
bone) deposition (arrowed). FIGS. 27C and 27D show a
series of images depicting immuno-histochemical staining
of hMSCs embedded in new bone of the GW treated
calvaria. Unstained murine osteoblasts (mOB) are also vis-
ible.

FIG. 28 comprising FIGS. 28A and 28B depicts a series
of images demonstrating that GW treatment did not affect
the ability of MSCs to initiate angiogenesis at trauma sites.
FIG. 28A is an image demonstrating that blood vessels were
identified on hematoxylin/eosin-stained sections (arrowed)
corresponding to 0.5 mm either side of the diameter of the
lesion. FIG. 28B is an image depicting six pm sections that
were surveyed every 30 um and blood vessel area was
calculated. Data are means+SD (n=3 animals).

FIG. 29 is a schematic of a representative extraction
process for the extraction of a biocompatible lattice from
hMSCs.

FIG. 30 comprising FIGS. 30A-30D depicts a series of
images of Extracellular Matrix (ECM) that was extracted
from MSC’s after three or six weeks of osteogenic differ-
entiation following the protocol shown in FIG. 29. Short-
term culture produces malleable constructs (FIGS. 30A,
30B), whereas increased calcification after long-term culture
creates more brittle material (FIG. 30C, 30D). Trypsin-
treated ECM (FIG. 30A, 30C) is more fibrous than untreated
ECM (FIG. 30B, 30D). Bar=1 mm.

FIG. 31 is a chart demonstrating that both untreated and
trypsin-treated matrices were able to sustain cell viability.
One million GFP-positive MSC’s were seeded onto matrices
in CCM. After four days, cultures were changed to osteo-
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genic medium. Cell numbers stabilized after osteogenic
differentiation (n=5 or 4, respectively).

FIG. 32 comprising FIGS. 32A-32H depicts a series of
images depicting fluorescence microscopy of constructs
seeded with GFP-positive MSC’s showing even population
of the surface of untreated (FIGS. 32A-32C) and trypsin-
treated matrices (FIGS. 32D-32F, 40x). Electron micros-
copy showed the presence of regular fibrils in untreated
(FIG. 32G) and treated matrices (FIG. 32H, original mag-
nification: 5000x).

FIG. 33 comprising FIGS. 33A-33F, depicts a series of
images depicting fluorescence imaging confirming presence
of GFP-positive MSC’s after 17 days of co-culture on
untreated (FIG. 33A) or trypsin-treated matrices (FIG. 33D).
Alkaline phosphatase (ALP) staining of constructs revealed
ALP activity on the matrices (FIG. 33B and FIG. 33E) when
compared to non-stained controls (FIG. 33C and FIG. 33F).
Note the higher density of the trypsin-treated samples (FIG.
33D-FIG. 33F) when compared to the untreated samples
(FIG. 33A-FIG. 33C, original magnification: 100x).

FIG. 34 is a chart depicting the influence of the Wnt
modulator 7AIPM on osteogenic differentiation was exam-
ined by treating monolayers of MSC’s with osteogenic
medium containing increasing doses of the compound or
vehicle. After four days, ALP activity and cell numbers were
measured. A typical biphasic dose dependant effect was
observed.

FIG. 35 comprising FIGS. 35A and 35B is a series of
images depicting the gene ontology categorization of up-
regulated genes in GW9662- and BIO-treated hMSCs.

FIG. 36 is a chart summarizing the differential expression
of collagens and extracellular matrix components in hMSCs
following treatment with GW9662 or BIO.

FIG. 37 is a chart depicting gene ontology categorization
of down-regulated genes in GW9662- and BIO-treated
hMSCs.

FIG. 38 is a chart depicting gene ontology categorization
of up-regulated genes in BIO-treated hMSCs.

FIG. 39 is a chart depicting inflammatory cytokine
expression in hMSCs treated with GW9662 or BIO;

FIG. 40 is a chart depicting confirmation of GW9662
microarray data by ELISA; and

FIG. 41 is a chart depicting cell counts from lesioned
calvaria after 59 days of treatment.

DETAILED DESCRIPTION

Although making and using various embodiments are
discussed in detail below, it should be appreciated that as
described herein are provided many inventive concepts that
may be embodied in a wide variety of contexts. Embodi-
ments discussed herein are merely representative and do not
limit the scope of the invention.

Tissue repair remains costly and with many tissue repair
may often fail. Failure may require the use of a synthetic
implant that, too, may fail if not properly stabilized or is not
accompanied by adequate healing or cellular and tissue
responses. Such failure is, then, often permanent and can be
debilitating. Rapid and reliable healing after repair should
prevent complications and a need to perform further recon-
struction of the tissue.

In certain tissue, such as bone, large defects may be
bridged by grafting autologous bone (e.g., bone that is
explanted from elsewhere and implanted at the injured site).
While effective, autologous bone is very limited and requires
an additional surgery combined with additional surgical
complications. Tissue substitutes have been used to replace
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autologous tissue (e.g., synthetic material or decellularized
tissue or bone). Unfortunately, these substitutes offer addi-
tional complications, such as poor cell adhesion, immuno-
logical rejection, and the inability to be as conductive (or
conductive at all) as compared with the original tissue.
Tissue substitutes are also often unable to support further
and necessary cellular processes, such as angiogenesis,
proliferation, and adequate cell nutrition. In addition, tissue
substitutes are seldom contiguous with the host tissue.
Moreover, long term exposure to foreign materials often
cause complications associated with the foreign material in
addition to deterioration of the foreign substitute itself. In
short, many tissue substitutes remain incompatible over
time. There is therefore, a need for safer and more biologi-
cally compatible bone repair alternatives, as are described
herein.

There also remains a need for providing biologically
compatible (biocompatible) tissue substitutes or implants
that interact with surrounding tissue, achieve suitable
homeostasis with the host tissue in a short period of time,
and offer suitable support. This is particularly important for
substitutes used with bone, fibrous or cartilaginous tissue
repair.

Described herein is a biocompatible tissue substitute that
meets requirements identified above.

Human mesenchymal stem cells (MSCs) from bone mar-
row are disclosed in which regulation of adipogenesis is
inhibited. In one form, the inhibition is through inhibition of
peroxisome proliferator-activated receptor-y (PPARy). A
suitable inhibitor of this receptor is 2-chloro-5-nitro-N-
phenyl-benzamide or GW9662. Inhibition of PPARy
enhances osteogenic expression of hMSCs. The inhibition of
PPARYy, allows Wnt signaling and promotion of osteogenic
gene expression. Thus, with inhibition of the receptor in
MSCs, osteogenic differentiation arises. With the addition of
osteogenic additives, said pluripotent stem cells resemble
osteoblast progenitor cells capable of mineralizing and
secreting a bone tissue type extracellular matrix. As
described, when MSCs were treated with an inhibitor of
PPARYy, GW9662, and applied to a bone defect (i.e., calvaria
bone defect) there was a 2-3 fold improvement in healing as
compared with controls having untreated bone defects. With
only about 60% of the lesion healing after 50 days of
repeated cell administration, the addition of treated MSCs
appear to be most beneficial at one or more specific stages
of healing. FIG. 6A shows representatively, a timeline for
healing of bone over a 32 week period, which includes an
inflammatory phase, a regenerative phase and a remodeling
phase.

Described further herein are materials and methods for
improving and/or accelerating tissue healing, such as the
healing of' bone and, particularly, the ability of said materials
and methods to heal tissue at a preferred period of time
during tissue healing.

For example, as further described herein, tissue repair
capacity of MSCs as described are extended and the
enhancement extends the overall healing phase in bone,
particularly in the so-called rapid osteogenic phase that
occurs after resolution of inflammation.

Generally, tissue repair capacity of MSCs in non-treated
bone is less at later stages, including the later regenerative
and remodeling phases as signals are lost and MSC-medi-
ated healing (that of MSCs not treated as described herein)
is disrupted because the cells are no longer retained at the
site of healing. To extend healing, as described herein is a
process for retaining MSCs at the lesion site as well as
materials that include MSCs and a mixture having MSC-
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derived extracellular matrix (ECM) components. The ECM
components include heterotypic collagen fibrils (distinct
from steady-state bone tissue because it also includes addi-
tional collagens associated with developing or regenerating
bone). It was found that co-administering MSCs with the
ECM mixture to a site of tissue injury, such as bone tissue,
in addition to pretreating the MSCs with a PPARYy inhibitor
provided a support for the pretreated MSCs; the pretreated
MSCs were retained at the site of injury well into the
remodeling phase. The methods and materials described
herein provided reproducible repair and healing of the tissue.
Moreover, repair and healing of the tissue at the defect site
was complete. Accordingly, described herein are also com-
posites that include the MSC-derived ECM mixture and
pretreated MSCs (pretreated with a PPARy inhibitor) for
substantially and reproducibly improving repair of tissue,
such as bone, cartilaginous and fibrous tissue.

The MSCs were initially analyzed and identified using
standard in vitro assays of differentiation and flow cytom-
etry. The MSC were found to exhibit the appropriate immu-
nophenotype and capable of differentiation into osteoblasts,
adipocytes and chondrocytes in vitro (FIG. 1A, B, FIG. 7) in
accordance with standard procedures for evaluating this cell
type. With pretreatment via inhibition of PPARY (using, e.g.,
GWO9662 in suitable media containing suitable osteogenic
supplementation described elsewhere), alkaline phosphatase
(ALP) activity was increased (FIG. 1C), which established
osteogenic differentiation of the MSC, such that the cells
were akin to osteogenic progenitor cells. In one example,
human MSCs (WMSC) were prepared from 2 mlL. posterior
iliac crest bone marrow aspirates. Cells were cultured
according to standard conditions (37° C., 5% (v/v) CO,) in
complete culture medium (CCM), consisting of alpha mini-
mal essential medium (alpha-MEM) containing 20% (v/v)
fetal bovine serum (FBS), 2 mM L-glutamine, 100 units
ml™! penicillin and 100 pg ml™' streptomycin. Media were
changed every 48 hr. For each passage, cells were seeded at
about 100 cm™2. Cells were then recovered by trypsinization
followed by cryopreservation in alpha-MEM containing
50% (v/v) FBS and 5% (v/v) dimethyl sulphoxide in the
vapour of liquid nitrogen. Passage 1 cells were used in
lentiviral labeling experiments and passage 3 or 4 cells were
used in all other experiments. Phase contrast and fluorescent
microscopy of live cultures was performed using an inverted
microscope fitted with a digital camera.

Further description regarding analysis of and pre-treat-
ment of hMSC has been described in co-pending patent
application Ser. No. 12/730,022, herein incorporated by
reference in its entirety.

An in vivo model for tissue healing was employed using
mice subjected to a calvarial defect. In general, after fracture
of long bones, there is rapid reorganization of the tissue
architecture with initiation of inflammation. Shortly after,
angiogenesis is initiated, feeding the lesion with nutrients
and necessary cytokines. Thereafter, simultaneous processes
of intramembranous ossification (I0) and endochondral
ossification occur (EO). IO occurs at the periosteum, where
mesenchymal progenitors differentiate directly to osteo-
blasts. This process involves the prompt deposition of a
bony “hard callus” adjacent to cortical bone, but the process
is generally attenuated after two weeks resulting in a rela-
tively low volume of new tissue and limited range in terms
of gap closure. EO is initiated by rapid expansion of
mesenchymal cells adjacent to the fracture that differentiate
into chondrocytes, forming a cartilaginous “soft callus” rich
in type II collagen, and over a few weeks the callus is
calcified to bone. When cultured MSCs are induced to
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generate a mineralized matrix, they do so by a process that
resembles 1O in that the cells differentiate directly to min-
eralizing osteoblast-like cells in the absence of an interme-
diate chondrocytic phase. A model of rodent calvarial heal-
ing that occurs exclusively by IO was useful herein to
examine potential stage-wise effects of hMSC-mediated
osteo-repair. This model also recapitulates the inflammatory,
rapid osteogenic and remodeling phases without a chondro-
genic stage characteristic of EO.

Peri-surgical administration of either pre-treated hMSCs
or non-treated (control) hMSCs were followed by weekly
local injections as outlined in FIG. 6B. Groups of mice were
then euthanized at 5 days, 14 days and 21 days post surgery.
The 5-day period corresponded with and approximated the
resolution of inflammation, in which closing of the lesion
had not commenced but cells were clearly detectable at the
bone defect and at the skin incision by fluorescent imaging
(FIG. 2A upper images). RNA was recovered for analysis
and quantitative RT-PCR, which indicated that approxi-
mately 200,000 hMSCs (11% of the original dose) were
present at the lesion site (FIG. 2B, FIG. 8). At week 2, cell
engraftment continued and the calvarial lesions had initiated
healing as determined by densitometric radiography and
microCT (uCT) scanning (FIG. 2C upper images, FI1G. 2D).
As expected, administration of PPARy-inhibitor treated
hMSCs (or GW-hMSCs) significantly improved the rate of
healing as compared with control (vehicle or DMSO) treated
hMSCs (FIGS. 2C, D). After 3 weeks, approximately 60%
of the lesion had healed in the group receiving GW-hMSCs
compared to approximately 30% in the controls. When cell
engraftment was assayed at week 3 however, a drastic
reduction in cell number was observed for both the control
and GW-hMSC groups with about 0.5% and 1% of the
original dose engrafted, respectively (FIG. 2B, FIG. 8).
Therefore, conditions maintaining viability and/or cell-re-
tention at the lesion site over the prior 2 weeks were reduced.
Although overall engraftment at week 3 was substantially
lower, significantly more GW-hMSCs had remained at the
lesion compared with the control-treated cells. Immunocy-
tochemistry of the explanted calvaria from week 2 speci-
mens revealed that there was a split distribution of hMSCs
at the lesion site with populations of cells remaining above
the lesion (labeled “+” in FIG. 2E) and also cells adjacent to
the bone (FIG. 9; arrowed in FIG. 2E). The two populations
were separated by an approximately 10-cell thick layer of
murine fibroblast-like cells (labeled “*” in FIG. 2E). Cal-
varial explants that received GW-hMSCs had substantially
more cells interacting directly with the bone compared with
sporadic bone-surface distribution in the controls (FIG. 2E,
arrowed areas). GW-hMSCs had a greater affinity for bone
tissue and could be contributing directly to bone repair.

For immunophenotyping, MSCs were recovered by brief
trypsinization and incubated with one or more fluorophore-
tagged antibodies or respective isotype controls for 30 min
in a phosphate-buffered saline (PBS) containing 2% (v/v)
FBS. After about three washes, a minimum of 20,000 cells
were analyzed on a flow cytometer and data processed using
machine-compatible software. Antibodies against the fol-
lowing cell surface antigens were used, including CD11b
(clone BEAR1), CD14 (RMO052), CD19 (J3-119), CD29
(MAR4), CD34 (581), CD36 (FA6.152), CD44 (G44-26),
CD45 (1.33), CD49a (SR84), CD49b (Gi9), CD49¢c (C3
11.1), CD49%e (I1IA1), CD51 (23C6), CD73 (AD2), CD79a
(HM47), CD90 (Thy-1/310), CD105 (IG2), CD146 (TEA1/
34), CD166 (3A6), HLA-AB.,C (G46-2.6), HLA-DP.DQ,
DR (Tu39).
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For mineralizing osteogenic differentiation, confluent
monolayers of hMSCs were incubated in CCM supple-
mented with 107 M dexamethasone, 50 umL™"' ascorbic
acid and 5 mM f-glycerol phosphate for 21 days with
changes every 2 days. The monolayers were then stained
with 40 mM Alizarin Red S pH 4.0 for 30 min and washed
4 times with distilled water. Micrographs were taken using
an inverted microscope fitted with a digital camera.

For non-mineralizing osteogenic differentiation, hMSCs
were plated in 12-well plates at 100 cells cm™. Upon
reaching about 70% confluency, the media was changed to
osteogenic base media (OBM) containing 50 pug mL™*
ascorbic acid and 5 mM p-glycerol phosphate and either
GW9662 or DMSO. Media was changed every 2 days for
8-10 days following measurement of ALP activity. For this
purpose, the monolayer was washed with PBS and then with
ALP reaction buffer (100 mM Tris-HCI, pH 9, containing
100 mM KCl and 1 mM MgCl,). One half mL of ALP buffer
then 0.5 mL p-nitrophenol phosphate (PNPP) was rapidly
added to the wells. ALP activity was measured as the rate of
PNPP conversion to p-nitrophenolate by monitoring the
absorbance at 405 nm every 30 seconds for 9 minutes using
a plate reader. The rates were normalized against cell
number and statistically analyzed using one-way analysis of
variance (ANOVA) and Tukey post test for multiple com-
parisons or by Student’s t-test, for single, unrelated com-
parisons.

For adipogenic differentiation, confluent monolayers of
hMSCs were incubated in CCM supplemented with 0.5 uM
dexamethasone, 5x10™® M isobutylmethylxanthine, and
5x10~7 M indomethacin. Media were changed every 2 days.
After 21 days, the adipogenic cultures were fixed in 10%
(v/v) formalin for 15 min and stained with fresh 0.5% (w/v)
oil red-O solution in 30% (v/v) isopropanol in phosphate
buffered saline (PBS) for 20 min. The dishes were washed
with excess PBS and visualized using an inverted micro-
scope.

For chondrogenic differentiation, about 50,000 cells were
pelleted. Briefly, pellets were incubated in high glucose
DMEM containing 107 M dexamethasone, 50 ug mL™*
ascorbate-2-phosphate, 40 ug mL™' proline, 100 ug mL™"
pyruvate and 2xITS plus premix with media changes every
3 days. After 21 days of differentiation, the pellets were
washed in PBS and fixed in 4% (v/v) paraformaldehyde,
embedded in paraffin, sectioned, and then stained with
toluidine blue to visualize sulphated proteoglycans and
chondrocyte lacunae.

In some cases, hMSCs were sparsely populated and could
be recovered as a single cell suspension, permitting a rapid
quantification protocol. In cases where monolayers were
dense, associated with high levels of extracellular matrix
and could not be recovered as a single cell suspension, an
extended processing protocol was employed. For the rapid
protocol, hMSCs were recovered by trypsinisation, pelleted
by centrifugation and resuspended in hMSC lysis buffer
consisting of PBS containing 1 mM MgCl, and 0.1 (w/v) %
Triton X100. The lysate was mixed by passing multiple
times through a 200 uL. micropipette tip and transferred to an
equal volume of cell proliferation assay buffer containing a
dye for measuring cell proliferation (e.g., CyQuant®, a
trademark of Molecular Probes, Inc., Eugene, Oreg.). One
hundred-ul. aliquots of the suspension were transferred to
wells of an opaque black micro-titer plate and read fluoro-
metrically with excitation/emission set to 485/520 nm. Fluo-
rescence intensity was compared with a linear set of known
standards to ascertain cell numbers. For the extended pro-
tocol, plates harboring monolayers were incubated in a
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humidified chamber in the presence of the hMSC lysis buffer
containing 1 unit per mL. of EcoRI and HindIII at 37° C. with
rocking. After 16 hours, lysates were transferred to micro-
centrifuge tubes, pelleted at 8,000 G for 15 minutes and
aliquots of supernatant containing a clarified solution of
DNA fragments were quantified as in the rapid protocol
described above. Cell standards processed in the same
manner were used to generate standard curves.

For treatment of hMSC, GFP-positive, passage 3 or 4
hMSCs were plated at 100 cm?, then cultured in CCM until
80% confluency was achieved (approximately 10-15,000
cells per cm?). The GFP positive cells harbor a lentivirally
introduced gene expressing the protein. To osteogenically
enhance these hMSCs, 25 mlLL OBM media was added
containing 10 uM GW9662 in DMSO. GW9662 was added
freshly from a frozen 1000x stock in DMSO. Controls
received DMSO only. Media was changes every 2 days for
8 days and cells were recovered on the day of surgery by
trypsinization, washed in PBS and suspended in Hank’s
buffered salt solution containing 2% (v/v) FBS on ice until
administration. At the point of administration, cells were
pelleted by short centrifugation at 1000 G, suspended in cold
45 ul, human plasma, added the same volume of cold 2x
thromboplastin C and immediately pipetted onto the lesion.
Subsequent doses were prepared in the same manner and
injected under the scalp while mice were anesthetized.

In brief, the calvarial lesion model was performed with
two month old female Nu/] mice. Under anesthesia, and
with whole body warming at 34° C., a 4 mm diameter
circular lesion in the frontal calvarial bone was generated
1-2 mm from the sagittal and coronal sutures using a 3 mm
osteotomy burr. In each case, the depth and extent of the
lesion was checked by gentle probing around the circum-
ference of the cut so as to ensure the hole was the entire
depth of the calvarial bone. After irrigation with PBS, cells
(untreated or treated as described herein) were administered.
Once there was clotting, the scalp was sutured closed and
mice were allowed to recover from anesthesia with addi-
tional warming and oxygen for 2-3 minutes. For 2 days post
surgery, saline and an analgesia was administered subcuta-
neously. When cells were administered with the addition of
an ECM mixture, ECM mixture was placed in the lesion and
cells were over-layed.

For discussions regarding bone extractions and process-
ing, mice were humanely processed in accordance with
Institutional Animal Care and Use Committee procedures. In
brief, animals were euthanized and cranial bones were cut
away using a rotary tool fitted with a 10 mm diameter
diamond cutting wheel. Top of the skull was gently
removed, washed in PBS, and cleared of excess connective
tissue. For RNA extractions, the tissue was flash-frozen in
liquid nitrogen and for histology, calvaria were fixed in 10%
(v/v neutral buffered formalin).

For RNA extraction, total RNA was extracted from the
cranial bones using a suitable total RNA isolation kit. Bones
were incubated in RNA extraction buffer at ambient tem-
perature for 4 hr and processed in accordance with the
protocol. Yields were in the range of 20-50 ug per sample
and 260/280 nm ratios ranged between 1.7-1.9. The RNA
recovery from mock specimens was generally low (approxi-
mately 5 ug) due to the amount of live tissue associated with
calvarial bones, but sufficient RNA was recovered for con-
trol PCR reactions. In consideration of the yield discrepancy
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between samples that received cells and the mock controls
75-90% of the RNA is likely to be of hMSC origin.

For microarray assays, about 2.0 pg of pooled RNA from
a specimen used for assaying. Briefly, double-stranded
cDNA was synthesized using a suitable one-cycle cDNA
synthesis kit and cleaned. Biotin-labeled cRNA was synthe-
sized using a genechip labeling kit, cleaned, and quantified
spectrophotometrically. Generally, 20 pg of biotin-labeled
cRNA was hybridized to each suitable hybridization array
(e.g., GeneChip Human Genome U133 Plus 2.0 array from
Affymetrix, Inc.). After 16 hours of hybridization, the arrays
were washed and stained using a suitable genechip hybrid-
ization sash and stain kit. The arrays were then scanned
using the genechip scanner. Appropriate software was used
to run the instruments and perform quality control measure-
ments. Control and treated arrays were compared with the
assumption that murine cross-hybridization would be con-
stant throughout the samples and thus be subtracted from the
analysis. Transcipts of interest generated from the array data
were confirmed using conventional, species-specific real
time PCR (RT-PCR).

For standard and real time quantitative reverse transcrip-
tion, generally one-ug of total RNA was used to synthesize
c¢DNA. For conventional PCR, 0.5 pug of cDNA was ampli-
fied in a 25 pl reaction using PCR-master mix on a standard
thermocycler. Amplified DNA was visualized by agarose gel
electrophoresis. For quantitative RT-PCR (qRT-PCR), 0.5 ng
of cDNA was amplified in a 25 pl reaction containing a
cyanine dye, such as SYBR-green, and a suitable PCR
master mix on a thermocycler fitted with a real time module.
GAPDH data were calculated using a 2-delta CT method and
presented as a ratio of murine to human signal. Data were
statistically analyzed by one way analysis of variance
(ANOVA) on arcsine transformed data and post-analysed by
Tukey’s method using GraphPad Prism. Collagen expres-
sion data were calculated using the 2-delta CT method using
human GAPDH as a reference. Some PCR conditions and
primers are provided in FIG. 12. Data was statistically
analyzed using one-sided ANOVA.

Healing of calvaria was quantified using a 2D densitom-
etry based on the transmittance of x-rays through the lesion
to a phosphorimager plate as previously described by others.
Volume measurements were taken at the lesion and contral-
ateral side and the fraction of healing was calculated for each
case. One-sided ANOVA followed by Tukey post test was
performed to determine significance of results.

Micro computer aided tomography (UCT) briefly included
scanning of identical calvaria over 360° using a 50 kV beam
with a camera resolution of 12 um. Images were captured
every 0.4° with flat field correction and frame averaging
enabled. Using mock specimens, grayscale ranges were
calibrated over intact bone, partially formed bone and radio-
lucent tissue over a fixed linear range (corresponding to
approximately -100 to +1000 Hounsfield units). Axial
reconstructions were generated from the scans and quanti-
fied using a appropriate CT software. Once again, each
reconstruction parameter was identical and performed over
a fixed and linear intensity range in each case so as to
reproducibly distinguish bone, partial bone and radiolucent
tissue. In each case, ring artifact, smoothing, and beam
hardening corrections were enabled. Three dimensional ren-
derings for qualitative appraisal were generated using one or
more volume software. Measurements of recovered matrix
volume were performed using similar parameters, but the
beam power was lowered to 30 kV.

For extracellular matrix (ECM) production, htMSC mono-
layers were treated for 8 days with GW9662 or control OBM
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media in the usual manner described previously. Mineraliz-
ing osteogenic media was then added for a further 10 days
with changes every 2 days. Hereafter, all volumes refer to a
single 150 cm? monolayer culture. Monolayers were washed
in PBS and frozen at —80° C. to disrupt cell membranes,
thawed to ambient temperature and scraped from the culture
plate. Recovered cells and ECM were then pelleted by
centrifugation (1,800 G) and suspended in 10 mL of lysis
buffer consisting of PBS containing 0.1% (v/v) Triton X100,
1 mM MgCl,, 10 pg mL™" DNAse I and 10 pug mL™
RNAseA. The lysis was allowed to proceed with incubation
with shaking at 60 revolutions per minute for 4 hours h at
37° C. The lysis was allowed to proceed for a further 16 h
in the presence 0f 0.125% (v/v) trypsin. The remaining ECM
was then recovered by centrifugation (1,800 G), washed
twice in 20 mL dH,O, twice in 15 mL chloroform, then
twice more in deionized H,O. Finally, ECM was rinsed in 15
ml acetone and allowed to air-dry.

For X-ray diffraction for matrix characterization, hMSC
derived ECM was prepared as above, then digested with 20
pg mL~! proteinase K at 50° C. for 24 h in 50 mM TrisHCI
pHB.0. The remaining precipitate was washed 3 times with
excess deionized H,O and then freeze dried. X-ray diffrac-
tion analysis was carried out on the residue at the Depart-
ment of Earth and Environmental Sciences, University of
New Orleans, La. in the standard way using an X-ray
diffractometer.

For scanning electron microscopy (SEM), samples were
washed through an escalating series of ethanol concentra-
tions (50%-100% (v/v)) and air dried. A thin layer of carbon
(~10 nm) was then coated onto samples by a vacuum
evaporator and the samples were observed

Calcium levels in matrices described were determined
using an acid hydrolysis Arsenazolll method previously
described by others. Briefly, matrices were heated in 6N HCl
until entirely dissolved, then neutralized to pH5.0-5.5 using
a predetermined amount of 2.5 M TrisHCI adjusted to pH
10.0. Colorimetric determination of calcium was performed
by addition of Arsenazo III compound and monitoring the
change in absorbance at 595 nm using a plate reader.

ECM samples recovered from 170 cm® of monolayer were
dissolved in 1 mL of sequencing grade 6 N HCI by incu-
bation at 80° C. in a sealed 15 mL polypropylene tube for 4
hour or until complete. Amino acid composition was per-
formed by the Protein Biochemistry Laboratory at Texas A
& M University Department of Biochemistry and Biophys-
ics, College Station, Tex. Briefly, the samples were com-
pletely hydrolyzed under vacuum at 105-110° C. for 16-24
hours. Free amino acids were derivatized with o-phthalal-
dehyde and 9-fluoromethyl-chloroformate prior to separa-
tion and quantitation.

Immunoblotting was performed in the usual manner using
suitable reagents. Antibodies used included mouse anti-

GAPDH, mouse anti-f-actin, goat anti-type I collagen, goat
anti-mouse IgG, rabbit anti-goat IgG.

For histology, immediately following euthanasia, calvaria
were harvested and placed in 10% neutral buffered formalin
(VRW International) for 24 hours at room temperature, after
which it was washed in PBS and stored in Carson’s fixative
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(1.86% (w/v) sodium phosphate monobasic, 0.42% (w/v)
sodium hydroxide, 10% (v/v) formaldehyde) at 4° C. until
decalcifaction. Calvarial tissue were washed again with
fresh PBS and decalcified in 1M dibasic EDTA at pH 8.0,
with changes every two days until radioluscency was
achieved. Processing and embedding of tissue involved
manual dehydration through a ascending gradient of alco-
hols, clearing with suitable clearing agent and infiltration
with paraffin wax type 6. Paraffin-embedded calvaria were
cut in 15 micron thick sections, and then floated onto
suitable microscope slides for hematoxylin and eosin (H&E)
staining and immunohistology.

For staining, sections were baked onto slides at 60° C. for
an 1 hour before being deparaffinized with citrus clearing
agent, rehydrated to distilled water, stained with hematoxy-
lin solution, rinsed with distilled water, counterstained with
eosinY, 1% (w/v) solution in water, dehydrated, and cleared.
A mounting solution with toluene was used as a mounting
medium to cover slip.

For immunocytochemistry, sections were deparaffinized

and blocked for 16 hour in PBS containing 2% (v/v) donkey
serum and 0.1% (v/v) Triton X100. Human cells were
stained with a rabbit-anti-human 2-microglobulin antibody
at 1 in 100 dilution in block buffer over 48 hour at 4° C.
Controls were performed with non-specific rabbit IgG.
Bound antibody was detected by donkey-anti-rabbit IgG
conjugated to a dye that emits at about 488 nm (one that
emits similar to fluorescein isothiocyanate). Sections were
mounted with 4',6-diamidino-2-phenylindole containing
mounting media and visualized with an upright fluorescent
microscope running digital imaging software. Due to the
high incidence of autofluorescence in bone tissue, true green
fluorescence was detected using a 475-490/540-565 nm
dual-band filter.

All statistical tests and data plotting were performed using
a suitable program.
To gain more insight into the superior healing potential of

GW-hMSCs and also what might be accounting for their
extended engraftment, microarray analyses on the RNA
extracted from the calvarial tissue recovered after day 5 and
14 were performed (FIGS. 11, 12). Because RNA yields
from calvaria that received hMSCs were 4-8 fold higher than
controls that received no cells, it appeared that most of the
RNA was human in origin, thus suggesting that background
cross-hybridization from murine transcripts would be low.
Microarray data from day 5 and 14 were similar, sharing
most of the differentially expressed genes and although the
lists were surprisingly short, there was a striking prevalence
of up-regulated transcripts coding for ECM proteins, par-
ticularly collagens. Primarily, up-regulation of collagens XI,
XII, XV and XXI by GW-hMSCs was detected in vivo.
Given that this list represented the top collagens up-regu-
lated in cultured GW-hMSCs as well, it was believed that the
remaining collagens identified in the in vitro study per-
formed by others would be detectable by a more specific and
sensitive quantitative RT-PCR. When the RNA samples
were analyzed in this manner, collagens I, 111, V, VI, X1, XII,
X1V, XV and XXI were found to be up-regulated by GW-
hMSCs in vivo, as depicted in TABLE 1.
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TABLE 1

18

Mesenchymal stem cell derived collagen transcripts as regulated by treatment

after reconstruction.

Microarray data

Collagen  Microarray probe and Week 1 Week 2 Chain Week 1 Week 2
transcript  chain designation Fold up Fold up designation Fold up Fold up
COL1I 217430_x_at (al) 3* NM al 27.8 £19.5 82 +39
202311_s_at (al) 225%  NM
COLIII  232458_at (al) 225%  NM al 7.1 +£1.03 3.08+1.04
COLV 52255_s_at (03) 334 NM al 13.53 £8.74 11.69 = 6.23
218975_at (a3) 2.17*  NM
COLVI  212937_s_at (al) 323*  NM a2 1494 £10.5 324 +£2.73
212091 _s_at (al) 322 NM
212940_at (al) 2.99*  NM
209156_s_at (a2) 271  NM
213290_at (a2) 229 NM
COLXI  37892_at (al) 375 4.16 al 2473 £3.79 11.04 = 842
204320_at (al) 3.32 3.95
229271_x_at (al) 2.23 3.13
COL XII 231766_s_at (al) 247 ndet al 1095 £ 6.18  4.82 +1.82
225664 _at (al) 2.37 2.07
COL XIV  203477_at (al) 2.98 ndet al 47 £23 217 £1.12
COL XV 203477_at (al) 2.98 3.00 al 11.8 473 527 =179
COL XXI 208096_s_at (al) 4.63 4.1 al 6.99 = 6.6 4.03 £1.82
25

In TABLE 1, (*) were those detected in vitro after 8 days,
but not by in vivo microarrays. NM is not measured. ndet is
measured but not detected. Units are mean fold-changes
compared with DMSO (control) MSCs with standard devia-
tions (n=4 animals). Statistical comparisons of week 1 and
2 data were performed by one-sided t-test on arcsine trans-
formed data. PCR fold changes were derived using the
delta-delta CT method normalized to the human GAPDH
transcript.

In view of the above findings, increased secretion of
particular collagen types at the lesion by GW-hMSCs during
the healing process appeared to be responsible in part for
their enhanced efficacy and the increased number of GW-

30

hMSCs persisting at week 3. The notion that the collagens
identified above are up-regulated during the rapid stage of
calvarial bone repair was supported in part by meta-analysis
of existing data submitted by others to the NCBI’s Gene
Expression Omnibus (GEO). These data, accessible through
GEO Series accession number GSE20980, indicated that
type V, VI, XII and XV collagen chains were robustly
up-regulated at day 5 of calvarial repair when compared to
the remodeling phase at day 21. This is further depicted in
TABLE 2. Taken together, it appeared that hMSC-derived
collagens may enhance repair of calvarial lesions by pro-
viding an osteogenic retention signal for both exogenous
hMSCs and host-derived cells.

TABLE 2

Meta-analysis of tissue healing over time.

Agilent accession Intensity SD day 5 Intensity SD day 21 Day 5 vs day
number Transcript (day 5) (n=28) (day 21) (m=26) 21p-value
A_44 P419137 Collal 0.955396 0.16519  1.605216 0.41348 0.001538 up
A_44 P458851 Colla2 0.767368 0.154011 1.896181 0.45571 2.55E % up
A_44 P146518 Col3al 0.718811 0.144286 2.505413  0.295402 3.82E-° up
A_43_P13273  *Col5al 2.141828 0.682257 0.211388 0.000183 5.73E-%° down
A_ 44 P392845  *Col5a2 0.961477 0.17281  0.697207  0.333898 1.2E"% down
A_44 P197290 *Col5a3 2.038541 0.464403 0.285323 0.122854 5.73E~% down
A_ 44 P349553  *Col6al 1.555223  0.281883  0.681838  0.227207 4.53E7% down
A_44 P515888 *Col6a2 2.090137 0.661577 0.702657 0.13942 0.0003 down
A_ 44 P243887 Col6a3 1.391074 0.759111 0.735812  0.470026 ns

A_44 P123636 Colllal 1.224911 0.794598  0.458349  0.34299 ns

A_44 P272045 Colllal 1.784576  0.764435  2.340665  2.303095 ns

A_44 P473153 *Coll2al  2.354913  0.852047 0.695539  0.343796 0.00077 down
A_44 P171271 Coll4al 1.121793  0.302666 1.234578  0.692541 ns

A_44 P208699 *Coll5al  2.380867 0.666232 0.554075 0.165146 5.32E~% down




US 9,452,185 B2

19

To generate hMSC-derived ECM, which include the col-
lagens just described, cells were cultured as a monolayer and
subjected to a 2-stage osteogenic protocol empirically opti-
mized for ECM-yield (as described above). This included a
pre-osteogenic, non-mineralizing stage where the cells were
exposed to osteogenic media in the absence of dexametha-
sone but in the presence of GW9662 (e.g. which may be for
about 1 week or for 10 days or as needed with suitable media
changes), then a mineralizing stage, where the hMSCs
received osteogenic media with dexamethasone, but
GW9662 was withdrawn (e.g., which may be for another
few weeks, 2 weeks or 3 weeks of up to 6 weeks or more
with suitable media changes). The monolayers were then
recovered and subjected to a series of lyses, enzymatic
digestions, solvent extractions and wash steps so as to
remove cells and contaminating proteins while maintaining
collagen-rich components of the ECM. For example, cells
were removed or scraped off and the ECM recovered by
enzyme digestion, followed by a trypsin digestion followed
by a chloroform extraction followed by drying, e.g., in
acetone). After processing, the material had a fibrous appear-
ance at low magnification and consisted of distinct, regularly
oriented fibrils when examined by scanning electron micros-
copy (FIG. 3A). Immunoblotting confirmed that the process
depleted contaminating intracellular proteins such as
GAPDH and f-actin but enriched the collagen-containing
component (FIG. 3B). Complete proteolytic digestion of the
ECM resulted in an inorganic residue that could be identified
as brushite, a simple form of calcium phosphate
(CaHPO,.2H,0) when analyzed by x-ray diffraction (FIG.
3C). When the purified ECM was co-cultured with GFP-
labeled hMSCs, the cells oriented themselves on the surface
of the material in a manner that resembled a periosteal
surface. The resemblance to osteoblasts was also supported
by the presence of high ALP activity (FIG. 3D). The
additional of ECM provided a setting for accelerating repair
and/or retention of the cells to a later phase of repair.
Although the cultures were viable for 15 days, initial cell-
loss was observed until an equilibrium was achieved, sug-
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gesting that binding sites favoring long-term survival are
present, but saturable (FIG. 3E).

The effect of GW9662 in generating superior ECM prepa-
rations was also determined. It was found that the majority
of hMSC cultures were highly responsive to GW9662
treatment and this effect was robustly predicted by a dose-
dependent increase in ALP activity (FIG. 4A) and distinct
formation of nodules when inspected by phase contrast
microscopy (FIG. 4B). When ECM was extracted, purified,
and analyzed, GW9662 treatment caused a greater volume
of ECM to be formed (FIG. 4C) with elevated calcium levels
(FIG. 4D) as compared to vehicle treated cells. Therefore,
the data clearly indicated that GW9662 had a positive effect
on ECM vyield, but it was unclear whether the ECM com-
position had been affected. Conventional proteomic analysis
proved impossible due to the physical characteristics of the
ECM and its lack of solubility even under common dena-
turing conditions. Amino acid analysis (AAA) was used in
view of the findings suggesting that significant changes in
the composition of ECM preparations would be detectable
by shifts in the various proportions of amino acids present.
In terms of collagen content, these changes would be
expected to manifest themselves as variations in amino acids
such as glycine, proline and hydroxyproline (hypro) levels.

AAA revealed that ECMs generated from GW9662-
treated and control hMSCs were remarkably similar in terms
of their amino acid composition with the exception of hypro,
which was slightly reduced (14-28% of controls) in
GW9662 treated ECM (TABLE 3). These reductions
occurred without an associated change in non-hydroxylated
proline levels. Although past studies by others have indi-
cated that proline hydroxylase activity is not rate-limiting
when collagen synthesis is stimulated, it is possible that the
additive influence of GW9662 may inflict a load on the
collagen post-translational machinery that accounted for the
reduced proportion of hypro in the resultant ECM. There
was also a slight but reproducible increase in lysine content.
The AAA data, therefore suggested that the effect of
GW9662 on hMSC-derived ECM was predominantly on
yield rather than composition.

TABLE 3

Amino acid analysis data of cells after reconstruction with and without treatment.

DONOR A DONOR B
DMSO GW9662 DMSO GW9662

Residue proportion  proportion  D/G ratio proportion proportion  D/G ratio
ASX 0.085221 0.08654 0.984757 0.073121 0.077836  0.939418
GLX 0.10935 0.107632  1.015959 0.097774  0.107688  0.907936
SER 0.062179  0.062954  0.987676 0.053841 0.059299  0.907957
HIS 0.014418  0.0153 0.94239  0.008582  0.010154  0.845235
GLY 0.140712  0.127937  1.099854 0.187451 0.167353 1.120092
THR 0.046483  0.049108  0.946545 0.04628 0.047723 096976

ALA 0.109567  0.11351 0.965258  0.114983 0.107614  1.068474
ARG 0.051171 0.052487  0.974922 0.049823  0.048915 1.018547
TYR 0.02127 0.02308 0.921605  0.01434 0.016813  0.85289

VAL 0.055455  0.057931  0.957273 0.051676  0.054316  0.951388
MET 0.018695  0.021369  0.874852 0.015943  0.015793 1.00948

PHE 0.030288%  0.031072  0.974769 0.028127  0.02953 0.952492
ILE 0.032222  0.034015  0.947274 0.030528  0.032562  0.937559
LEU 0.068791 0.072094 0954178 0.060033  0.063145  0.950726
LYS 0.055017  0.058642  0.938184 0.038591 0.042825  0.901136
OH-PRO 0.027883  0.020598  1.35369  0.059729  0.05267 1.13401

PRO 0.07128 0.065732  1.084407 0.069178  0.065762 1.051941
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To test the effects of the hMSC-derived ECM in vivo,
calvarial lesions were generated in nude mice as described
previously. During surgery, one group of animals received
only pretreated hMSCs (GW-hMSC, which are pretreated
with GW9662), one group received ECM only and the final
group received both GW-hMSCs and ECM in combination
(also referred to as composite). Subsequent cell doses were
administered 1 and 2 weeks thereafter by injection and at
week 3, mice were euthanized for analysis. Groups that
received only ECM or GW-hMSCs exhibited marginal and
60% healing respectively. In contrast, mice that received
ECM with GW-hMSCs had substantially healed, with some
animals generating levels of bone in excess of the contral-
ateral side (FIGS. 5A, B). When cell engraftment was
assayed by RT-PCR, lesions that received only cells had
generally low engraftment, reflecting about 2% of the origi-
nal final dose. In one instance, engraftment was substantially
higher than mean levels, but this was not accompanied by
increased efficacy. Overall, cell engraftment was substan-
tially higher at week 3 in animals that received the cell-ECM
composite (FIG. 5C) reaching levels equivalent to engraft-
ment measured at week 1 in experiment 1. Histologically,
GW-hMSCs alone became elongated and clustered sparsely
in groups adjacent to the bone tissue (FIG. 5D, left). In
contrast, when co-administered with its own ECM, GW-
hMSCs were matrix-localized, engrafting in much larger
clusters that did not appear to be associated with the remod-
eling bone surface but nearby, which others have suggested
is a preference during healing (FIG. 5D, right). Since the
ECM provided additional cell binding sites that are not
directly associated with the repairing bone, the mechanism
of action appears to be through trophic support rather than
direct tissue contribution.

Integrins at the cell surface appeared to be directly regu-
lated by GW9662, in synergy with the differentially
expressed collagens. Yet, immunophenotyping demon-
strated that integrins commonly associated with osteoblasts,
such as beta-1 (CD29), alpha-1 (CD49a), alpha-2 (CD49b),
alpha-5 (CD49¢) and alpha-v (CD51) were presented at
equally high levels on the membranes of GW-hMSCs and
untreated hMSCs (TABLE 4). No substantial expression of
CD36 (glycoprotein 3b) on the surface of hMSCs could be
detected on the membranes of hMSCs irrespective of
GWO9662 treatment. CD36 is a known ligand of type V
collagen, originally discovered as part of the platelet aggre-
gation pathway. Taken together, the lack of integrin and
CD26 expression does not support GW9662-mediated
receptor-matrix synergy for the most likely candidate col-
lagen receptors.

TABLE 4

Membrane integrin expression of treated and untreated cells

by flow cytometric analysis.

Control (DMSO treatment) GW-treatment

% pos X-mean % pos X-mean
CD29 99.89 127 99.97 135
CD36 0.60 1.95 0.68 1.89
CD44 98.39 8.16 96.24 7.84
CD49%a 89.02 3.57 87.07 3.28
CD4%b 61.63 7.78 43.09 5.69
CD49¢ 99.89 20.30 99.93 21.80
CD49%¢ 99.99 85.20 99.99 81.50
CD51 99.91 18.20 99.92 15.30
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Overall, treatment of hMSCs with a PPARy inhibitor (e.g.,
GW9662), not only improved osteogenic differentiation by
hMSCs themselves, but also increased the output of ECM,
which has excellent cell retention and osteo-inductive prop-
erties and therefore useful for cellular-based bone regenera-
tion strategies.

Bone healing is a multi-stage process involving the tem-
poral regulation of a number of distinct phases that have
been well characterized in rodent models. Over the 21 day
time-course for healing, it was found that retention of
pretreated hMSCs at the site of injury was confined to the
first two weeks of repair and rapidly dwindled between 2 and
3 weeks (FIG. 2A-C) resulting in up to 60% closure of the
lesions (FIG. 2D) when pretreated cells alone were admin-
istered to a tissue defect site. Because injections of fresh
(pretreated) hMSCs were administered at each week follow-
ing surgery (FIG. 6B), the reduction in engrafiment seemed
attributable to the microenvironment rather than the inherent
longevity of the cells. Given that the rapid repair phase of IO
occurs for about two weeks post injury it seemed that
engraftment was coincident with this rapid phase and was
attenuated during remodeling. One explanation for these
results arises from reports by others of strong mitotic cues
persisting for 2 weeks post lesion that cause a rapid expan-
sion of local osteoprogenitor cells. It is however, unlikely
that this process entirely explains the observed engraftment
kinetics since the addition of hMSC-derived ECM compo-
nents substantially improved engraftment a week after the
predicted end of mitotic burst and thus extended the reten-
tion signal for h(MSCs at the defect site for prolonged repair
and reconstruction.

The extended hMSC retention signal described herein
appears beneficial in view of the following: (i) that irrespec-
tive of the relatively low level of engraftment at week 3, it
remained 2-fold higher with GW-hMSCs, (ii) GW-hMSCs
secrete higher levels of ECM collagens when compared to
untreated controls, and (iii) GW-hMSCs exhibit greater
efficacy in bone repair. Thus, as described, ECM collagens
themselves contribute to a retention signal and this in turn,
explains the enhanced efficacy observed.

This was confirmed when purified ECM from pretreated
hMSCs was co-administered with GW-hMSCs and retention
was extended throughout week 3, resulting in substantially
improved lesion closure that was complete in most cases
(FIG. 5A). Based on the near-exclusive distribution of
GW-hMSCs on the ECM, rather than at the surface of the
remodeling bone, it is reasonable that at later stages of
healing, the GW-hMSCs adopt a bystander or trophic role
rather than direct contribution to tissue repair when co-
administered with its ECM.

Pretreated hMSCs might generate ECM of a distinct
composition that favored retention but biochemical data
strongly indicated that pretreatment of hMSCs affected yield
of particular ECM components rather than composition
(FIGS. 4C, 4D, TABLE 3). Yet, ECM composition changes
may still occur because practical constraints limited com-
positional characterization to AAA and qualitative immu-
noblotting. Transcriptomic assays of calvarial samples con-
taining untreated and pretreated hMSCs identified a short-
list of up-regulated collagen genes that could represent
retention signal candidates including type 1, 111, V, VI, XI,
XII, XIV, XV and XXI collagen (TABLE 1, FIGS. 11, 12,
TABLE 2). With the exception of type I and type I1I collagen
that are ubiquitously abundant in bone, type V, VI, X1, XII,
X1V, XV collagens have been reported by others to play a
role in skeletal development and/or accelerated osteoblast
activity. Furthermore, meta-analysis of a transcriptome array
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dataset presented on the NCBI Gene Expression Omnibus
(GSE20980) identified collagen types V, VI, XII and XV to
be up-regulated in early rather than late healing of a calvarial
defect in rats (TABLE 2). Collagen type XXI was also found
to be highly up-regulated with pretreatment of hMSCs with
the inhibitor of PPARy. Since others have found expression
of this collagen to be highest in highly vascularized tissues
such as heart, stomach and placenta, it may play a role here
in supporting angiogenesis.

ECM generated by osteogenic pretreated hMSCs as
described herein provides a biologically complex extracel-
Iular microenvironment that mimics repairing rather than
homeostatic bone tissue, making it distinct from common
bone repair scaffolds. Pretreatment of hMSCs was important
for the extended healing effect described. The pretreatment
effects were observed when hMSCs were initially pretreated
for anywhere from about 5 days to about two weeks.
Improvements in healing were also observed when hMSCs
were pretreated from between about days 7 and 10. The
ECM produced after pretreatment was sufficient to extend
the retention of the differentiated cells as well as osteoblasts
and their progenitors at the defect site, resulting in substan-
tially improved osteogenesis when administered with an
appropriate cellular component. As such, hMSC-derived
ECM may be employed for surface “bio-conditioning” of
commonly used synthetic orthopedic materials to improve
osteogenesis and bio-integration

MSC-derived ECM is an answer to the allograft biocom-
patibility issue. The MSC-derived ECM may be allowed to
adhere or otherwise interact with a three dimensional scaf-
fold used for repair and reconstruction of tissue. The ECM
is allowed to adhere or interact with the scaffold in the
absence or presence of the pretreated MSC. In the absence
of pretreated MSCs, immune responses should not arise.
When combining pretreated MSC with the scaffold in order
for the ECM (secreted from the MSCs) to interact with the
scaffold, the MSCs may be subsequently removed, may
remain or even further cells may be seeded to the scaffold
before use at a repair or defect site. In some embodiments,
the MSCs may be derived from the same patient to eliminate
compatability issues. The final scaffolds when formed (also
referred to as bioconditioned scaffolds) may be used imme-
diately or stored by freezing as further described herein.

In one example one example, scaffolds were loaded with
GWO9662-treated allogeneic hMSCs. Representative images
are depicted in FIG. 13 (top), in which MSCs were initially
pre-treated with the PPARYy inhibitor as previously described
and cultured with osteogenic media in the presence of a
scaffold of type I collagen foam to provide a bioconditioned
scaffold after 1 week. The bioconditioned scaffold was then
cryopreserved and 1 day after thawing (FIG. 13 middle) or
4 days after thawing (FIG. 13 bottom), the scaffold was
imaged. Representative scatfolds include bone (e.g., cadav-
eric cancellous bone) or collagen type I foam or other
suitable three-dimensional network that offers some support,
such as polyetheretherketone (PEEK, data not shown).

With FIG. 13, the treated MSCs and scaffold were cul-
tured for 1 week (top images), then frozen. After cryopre-
serving for 24 hours (at about -80° C. with a DMSO
cryomedia), the embedded scaffold was washed and recul-
tured and imaged as depicted in FIG. 13 (middle and
bottom). Live and dead cells were visualized by calcein/
propidium iodide staining. The bottom images in FIG. 13
show deconvolved phase micrographs of foam with an even
distribution of live MSC cells throughout.

Thus, as described herein is a robust and biocompatibile
as well as conductive system for numerous repair or recon-
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struction applications. In one form, the described scaffolding
provides an osteogenic and osteoconductive environment
for bone tissue repair, reconstruction or replacement. For
example, pre-cultured hMSCs can be loaded onto biocon-
ditioned scaffolds such as bone or collagen I foam for
efficient in situ cryopreservation. When the live scaffolds are
thawed, the cells remain viable (FIG. 13). The biocondi-
tioned scaffold may also be reseeded with new cells prior to
use. In some embodiments, the initial MSCs used to prepare
the bioconditioned scaffold may be removed prior to cryo-
preserving.

The described solves a major issue regarding the use of
pre-cultured cells in tissue engineering, effectively dismiss-
ing the need for a good local clinical manufacturing practice
facility. The frozen bioconditioned constructs described
herein are a ready to use therapeutic device. Furthermore
there is an increasing body of data by others demonstrating
that the cells used herein are immune-modulatory, inhibit
lymphocyte surveillance, and do not stimulate rejection like
other adult tissues. In addition, histocompatibility-matched
hMSC libraries may not be necessary with materials and
methods described herein.

As described are supports or scaffolds with favorable
physical qualities such as, but not limited to, cadaveric
cancellous bone, collagen I foam, PEEK that are made more
biocompatible by coating the surface with the extracellular
matrix components secreted by pre-treated mesenchymal
stem cells.

FIG. 14 depicts a representative method described and
used for preparing a biocompatible material, in which the
biocompatible material was initially seeded with hMSCs (in
the presence of additional supplements that promote bone
cell type differentiation), which may also include a cell-type
specific or protein specific inhibitor, such as an inhibitor of
one or more alternative differentiation pathways). Thus, for
promoting osteogenic cells, MSCs were seeded on the
biocompatible material in an osteogenic-promoting media
(as is understood in the art or as discussed previously), and
pretreated with an inhibitor of adipogenesis regulation (e.g.,
PPARY) before seeding (pre-treatment may occur before or
during osteogenic supplementation). The pretreated cells
were propagated on the support or scaffold for several days,
such as 3 days, or 4 days, or 5 days or 6 days or 7 days or
8 days or 10 days or two weeks or longer. Cells may be
cultured for a further set of days (e.g., 3 days, or 4 days or
5 days or 1 week or 8 days or more) with an additive to
accelerate further differentiation. With bone cells, the cells
may be treated with an additive that promotes a hydroxy-
apatite or a calcification process, such as calcium phosphate
deposition. A suitable example of an additive for hydroxy-
apatite formation is dexamethasone. Thereafter, the material
would generally be decellularized while leaving intact the
ECM that was secreted by the cells. Decellularization is
generally performed by a series of enzymatic treatments
(e.g., trypsin or other suitable compounds) and washes.
Thereafter, a bioconditioned material with enhanced cell-
retention and biocompatibility properties would be provided
that permits an optimal setting for the addition of new cells,
such as additional (e.g., differentiated), including pre-treated
hMSCs (pretreated in a similar manner as described when
initially seeding on the biocompatible support). Biocondi-
tioned matrices seeded with a new preparation of cells (e.g.,
pre-treated hMSCs) may be immediately used, or supple-
mented for further growth before use and/or cyropreserved
for later use (e.g., immersed in DMSO-containing cryo-
preservation media and preserved for long periods at a
temperature lower than —80° C.). At point-of-care, the stored



US 9,452,185 B2

25

material can be recovered from cryopreservation and used
for implantation, repair or reconstruction. Examples of use
include but are not limited to osteo-reconstructive surgeries,
such as long bone repair and spine arthrodesis, as represen-
tative examples.

Referring again to FIG. 14, box (i) illustrates a monolayer
of hMSCs that were grown in vitro in the presence of an
osteogenic supplemented media and the PPARy-inhibitor,
GWO9662 (see above image). The monolayer of hMSCs
when pretreated with GW9662 (in this example, cultured in
presence of GW9662), the ALP activity of the cells was
substantially upregulated (see bottom image). In box (ii),
after culturing, the cell-ECM mixture was recovered (top
image) and subjected to a series of detergent extractions and
DNAse treatments. The volume of extracted ECM as com-
pared with that from control (DMSO) treated hMSCs is
depicted in the bottom of box (ii). In box (iii), the recovered
cell-ECM mixture was treated with trypsin and cell binding
sites on heterotypic collagen fibrils were observed. In box
(iv), the scaffold with ECM was purified and cellular com-
ponents were removed by a series of washes in chloroform,
water and acetone. In box (v), the scaffold with ECM was
sterilized and dried chemically and then ready for use, for
additional cells or for freezing (box vi).

As described herein, are material and methods to improve
tissue healing, such as at a lesion site, defect or site of
reconstruction. For bone tissue, osteo-repair capacity of
hMSCs can be substantially improvement or augmented, as
described and shown, by treatment with an inhibitor of
peroxisome proliferator-activated receptor gamma. Efficacy
is extended as described herein into the bone remodeling
phase, where normally stem cell retention signals are lost
and hMSC-mediated healing is generally absent.

As described, a biocompatible scaffold that includes extra
cellular matrix components derived from pretreated MSCs
are provided that now contain biomolecules (e.g., rich in
certain collagen types) for extending healing. In addition,
treating MSCs with a targeted inhibitor and co-administer-
ing the treated cells with the ECM mixture, retained MSCs
at a site of injury well into the remodeling phase of healing.
Complete healing was evidenced thereafter. Accordingly,
composite materials containing MSC-derived ECM compo-
nents and inhibitor-treated MSCs improved tissue repair and
healing in bone tissue.

As described herein is also a composition comprising
MSC pre-cultured in the presence of an agent that activates
canonical Wnt signaling therein. There remains a need for
compositions of MSCs effective to stimulate osteogenesis at
a site of tissue degeneration or injury. Such a deficiency is
fulfilled by that described herein.

In one embodiment, the composition further comprises a
biocompatible lattice. In one embodiment, the biocompat-
ible lattice is a clotted plasma.

In one embodiment, the agent that activates canonical
Wt signaling therein is an inhibitor of glycogen synthetase
kinase-3-beta. In one embodiment, the inhibitor of glycogen
synthetase kinase-3-beta selected from the group consisting
of bromo-indirubin-oxime, bromo-indirubin-3'-mono-oxide
(BIO), 7-azaindolylpyrazinylmaleimide (7AIPM), and a
combination thereof.

In one embodiment, the agent that activates canonical
Wnt signaling therein is an inhibitor of peroxisome prolif-
erator-activated receptor gamma. In one embodiment, the
inhibitor of peroxisome proliferator-activated receptor
gamma is 2-chloro-5-nitro-N-phenyl-benzamide
(GW9662).
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In one embodiment, the pre-cultured MSC exhibits at
least one characteristic of a bone cell.

In one embodiment, pre-cultured MSC is partially differ-
entiated into a primitive osteoblast.

The invention also provides a composition comprising a
mesenchymal stem cell (MSC) and an agent that activates
canonical Wnt signaling therein.

The invention provides a method of treating bone degen-
eration or injury associated with a pathophysiological con-
dition in a mammal. The method comprises administering to
the mammal in need thereof an effective amount of a
composition comprising a mesenchymal stem cell (MSC)
pre-cultured in the presence of an agent that activates
canonical Wnt signaling therein, thereby treating the bone
degeneration or injury in the mammal. Preferably, the mam-
mal is a human.

In one embodiment, the method further comprises read-
ministering a composition comprising a mesenchymal stem
cell (MSC) pre-cultured in the presence of an agent that
activates canonical Wnt signaling therein.

In one embodiment, the composition comprising a mes-
enchymal stem cell (MSC) pre-cultured in the presence of an
agent that activates canonical Wnt signaling therein is read-
ministered about every two weeks.

In one embodiment, the step of administering the com-
position comprising a mesenchymal stem cell (MSC) pre-
cultured in the presence of an agent that activates canonical
Wt signaling therein comprises injecting or implanting the
cell into the site of bone degeneration or injury.

In one embodiment, the bone degeneration or injury is
associated with a cancer. In one embodiment, the cancer is
an osteosarcoma, multiple myeloma or a breast or prostate
cancer metastasizing to the bone.

In one embodiment, the bone degeneration or injury is
associated with osteoporosis, osteogenesis imperfecta, or
severe cranial injury. In one embodiment, the bone injury is
a bone fracture or break.

The present invention provides a method of accelerating
repair of a skeletal injury in a mammal. The method com-
prises directly contacting the site of the skeletal injury with
an effective amount of a composition comprising a mesen-
chymal stem cell (MSC) pre-cultured in the presence of an
agent that activates canonical Wnt signaling therein thereby
accelerating bone repair. Preferably, the mammal is human.

The invention provides a mesenchymal stem cell (MSC)
pre-cultured in the presence of an agent that activates
canonical Wnt signaling therein, wherein the MSC exhibits
an elevated osteogenic characteristic compared to an other-
wise identical MSC not pre-cultured in the presence of said
agent.

The invention provides an MSC-derived lattice compris-
ing extracellular matrix secreted from an MSC pre-cultured
in the presence of an agent that activates canonical Wnt
signaling therein that has been induced to differentiate to
exhibit at least one characteristic of a bone cell.

In one embodiment, the invention provides an osteogenic
composition comprising MSCs pre-cultured in the presence
of an agent that accelerates canonical Wnt signaling therein.
In some instances, the osteogenic composition comprises a
biocompatible gel to incorporate the MSCs therein. An
example of a biocompatible gel is clotted plasma. In some
instances, the pre-cultured MSC may be partially differen-
tiated into primitive osteoblasts.

In one embodiment, the agent that accelerates canonical
Wt signaling is an inhibitor of glycogen synthetase kinase-
3-beta (GSK3p). An example of a GSK3p inhibitor includes
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but is not limited to bromo-indirubin-oxime, bromo-indiru-
bin-3'-mono-oxide (BIO), 7-azaindolyl-pyrazinylmaleimide
(7AIPM), and the like.

In one embodiment, the agent that accelerates canonical
Wnt signaling is an inhibitor of peroxisome proliferator-
activated receptor gamma (PPARY). An example of a PPARy
inhibitor is 2-chloro-5-nitro-N-phenyl-benzamide
(GW9662).

The present invention provides methods for treating bone
degeneration or injury associated with a pathophysiological
condition in a mammal by administering to the mammal or
contacting the site of injury with the osteogenic composition
of the invention.

The invention also provides methods of accelerating
repair of a skeletal injury in a mammal by administering to
the mammal or contacting the site of injury with the osteo-
genic composition.

MSCs treated according to the invention can significantly
accelerate the repair of bone without the necessity for
prosthetic reconstruction, or the requirement for donor bone
tissue. The method of the invention therefore has great
utility in simplifying the treatment of traumatic bone injury.
Furthermore, this method can dramatically accelerate the
healing of less severe fractures, allowing recipients to regain
mobility after a shorter duration.

As used herein, the following terms have meanings asso-
ciated with them.

The articles “a” and “an” are used herein to refer to one
or to more than one (i.e. to at least one) of the grammatical
object of the article. By way of example, “an element”
means one element or more than one element.

The term “about” will be understood by persons of
ordinary skill in the art and will vary to some extent on the
context in which it is used.

“Alloantigen” is an antigen that differs from an antigen
expressed by the recipient.

As used here, “biocompatible” refers to any material,
which, when implanted in a mammal, does not provoke an
adverse response in the mammal. A biocompatible material,
when introduced into an individual, is not toxic or injurious
to that individual, nor does it induce immunological rejec-
tion of the material in the mammal.

As used herein, the term “biocompatible lattice,” is meant
to refer to a substrate that can facilitate formation into
three-dimensional structures conducive for tissue develop-
ment. Thus, for example, cells can be cultured or seeded
onto such a biocompatible lattice, such as one that includes
extracellular matrix material, synthetic polymers, cytokines,
growth factors, etc. The lattice can be molded into desired
shapes for facilitating the development of tissue types. Also,
at least at an early stage during culturing of the cells, the
medium and/or substrate is supplemented with factors (e.g.,
growth factors, cytokines, extracellular matrix material, etc.)
that facilitate the development of appropriate tissue types
and structures.

“Bioactive agents,” as used herein, can include one or
more of the following: chemotactic agents; therapeutic
agents (e.g., antibiotics, steroidal and non-steroidal analge-
sics and anti-inflammatories (including certain amino acids
such as glycine), anti-rejection agents such as immunosup-
pressants and anti-cancer drugs); various proteins (e.g., short
term peptides, bone morphogenic proteins, collagen,
hyaluronic acid, glycoproteins, and lipoprotein); cell attach-
ment mediators; biologically active ligands; integrin binding
sequence; ligands; various growth and/or differentiation
agents and fragments thereof (e.g., epidermal growth factor
(EGF), hepatocyte growth factor (HGF), vascular endothe-

25

30

40

45

55

28

lial growth factors (VEGF), fibroblast growth factors (e.g.,
bFGF), platelet derived growth factors (PDGF), insulin
derived growth factor (e.g., IGF-1, IGF-II) and transforming
growth factors (e.g., TGFP I-III), parathyroid hormone,
parathyroid hormone related peptide, bone morphogenic
proteins (e.g., BMP-2, BMP-4; BMP-6; BMP-7; BMP-12;
BMP-13; BMP-14), sonic hedgehog, growth differentiation
factors (e.g., GDF5, GDF6, GDF8), recombinant human
growth factors (e.g., MP52, and MP-52 variant rhGDF-5),
cartilage-derived morphogenic proteins (CDMP-1; CDMP-
2, CDMP-3)); small molecules that affect the upregulation of
specific growth factors; tenascin-C; hyaluronic acid; chon-
droitin sulfate; fibronectin; decorin; thromboelastin; throm-
bin-derived peptides; heparin-binding domains; heparin;
heparan sulfate. Suitable effectors likewise include the ago-
nists and antagonists of the agents described above.

The growth factor can also include combinations of the
growth factors described above. In addition, the growth
factor can be autologous growth factor that is supplied by
platelets in the blood. In this case, the growth factor from
platelets will be an undefined cocktail of various growth
factors. If other such substances have therapeutic value in
the orthopedic field, it is anticipated that at least some of
these substances will have use in the present invention, and
such substances should be included in the meaning of
“bioactive agent” and “bioactive agents” unless expressly
limited otherwise. Preferred examples of bioactive agents
include culture media, bone morphogenic proteins, growth
factors, growth differentiation factors, recombinant human
growth factors, cartilage-derived morphogenic proteins,
hydrogels, polymers, antibiotics, anti-inflammatory medica-
tions, immunosuppressive mediations, autologous, allogenic
or xenologous cells such as stem cells, chondrocytes, fibro-
blast and proteins such as collagen and hyaluronic acid.
Bioactive agents can be autologus, allogenic, xenogenic or
recombinant.

The term “biologically compatible carrier” or “biologi-
cally compatible medium” refers to reagents, cells, com-
pounds, materials, compositions, and/or dosage formula-
tions which are suitable for use in contact with the tissues of
human beings and animals without excessive toxicity, irri-
tation, allergic response, or other complication commensu-
rate with a reasonable benefit/risk ratio.

As used herein, the term “bone condition (or injury or
disease)” refers to disorders or diseases of the bone includ-
ing, but not limited to, acute, chronic, metabolic and non-
metabolic conditions of the bone. The term encompasses
conditions caused by disease, trauma or failure of the tissue
to develop normally. Examples of bone conditions include,
but are not limited, a bone fracture, a bone/spinal deforma-
tion, osteosarcoma, myeloma, bone dysplasia, scoliosis,
osteoporosis, osteomalacia, rickets, fibrous osteitis, renal
bone dystrophy, and Paget’s disease of bone.

As used herein, the term “bone marrow stromal cells,”
“stromal cells,” “mesenchymal stem cells,” “mesenchymal
stromal cells” or “MSCs” are used interchangeably and refer
to a cell derived from bone marrow (Prockop, 1997), periph-
eral blood (Kuznetsov et al., 2001), adipose tissue (Guilak et
al.,, 2004), umbilical cord blood (Rosada et al., 2003),
synovial membranes (De Bari et al., 2001), and periodontal
ligament (Seo et al., 2005). MSCs are characterized by their
ability to adhere to plastic tissue culture surfaces (Frieden-
stein et al.; Owen & Friedenstein, 1988), and by being an
effective feeder layers for hematopoietic stem cells (Eaves et
al., 2001). In addition, MSCs can be differentiated both in
culture and in vivo into osteoblasts and chondrocytes, into
adipocytes, muscle cells (Wakitani et al., 1995) and cardio-
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myocytes (Fukuda and Yuasa, 2006), into neural precursors
(Woodbury et al., 2000; Deng et al., 2001, Kim et al., 2006;
Mareschi et al., 2006; Krampera et al., 2007). Mesenchymal
stem cells (MSCs) may be purified using methods known in
the art (Wakitani et al., 1995; Fukuda and Yuasa, 2006;
Woodbury et al., 2000; Deng et al., 2001; Kim et al., 2006;
Mareschi et al., 2006; Krampera et al., 2007).

“Differentiation medium” is used herein to refer to a cell
growth medium comprising an additive or a lack of an
additive such that a stem cell, adipose derived adult stromal
cell or other such progenitor cell, that is not fully differen-
tiated when incubated in the medium, develops into a cell
with some or all of the characteristics of a differentiated cell.

As used herein “endogenous” refers to any material from
or produced inside an organism, cell or system.

“Exogenous” refers to any material introduced from or
produced outside an organism, cell, or system.

“Encoding” refers to the inherent property of specific
sequences of nucleotides in a polynucleotide, such as a gene,
a cDNA, or an mRNA, to serve as templates for synthesis of
other polymers and macromolecules in biological processes
having either a defined sequence of nucleotides (i.e., IRNA,
tRNA and mRNA) or a defined sequence of amino acids and
the biological properties resulting therefrom. Thus, a gene
encodes a protein if transcription and translation of mRNA
corresponding to that gene produces the protein in a cell or
other biological system. Both the coding strand, the nucleo-
tide sequence of which is identical to the mRNA sequence
and is usually provided in sequence listings, and the non-
coding strand, used as the template for transcription of a
gene or cDNA, can be referred to as encoding the protein or
other product of that gene or cDNA.

As used herein, a “graft” refers to a cell, tissue or organ
that is implanted into an individual, typically to replace,
correct or otherwise overcome a defect. A graft may further
comprise a scaffold. The tissue or organ may consist of cells
that originate from the same individual; this graft is referred
to herein by the following interchangeable terms:
“autograft,” “autologous transplant,” “autologous implant”
and “autologous graft”. A graft comprising cells from a
genetically different individual of the same species is
referred to herein by the following interchangeable terms:
“allograft,” “allogeneic transplant,” “allogeneic implant”
and “allogeneic graft”. A graft from an individual to his
identical twin is referred to herein as an “isograft”, a
“syngeneic transplant,” a “syngeneic implant” or a “synge-
neic graft”. A “xenograft,” ‘“xenogeneic transplant” or
“xenogeneic implant” refers to a graft from one individual to
another of a different species.

By “growth factors™ is intended the following non-limit-
ing factors including, but not limited to, growth hormone,
erythropoietin, thrombopoietin, interleukin 3, interleukin 6,
interleukin 7, macrophage colony stimulating factor, c-kit
ligand/stem cell factor, osteoprotegerin ligand, insulin, insu-
lin like growth factors, epidermal growth factor (EGF),
fibroblast growth factor (FGF), nerve growth factor, ciliary
neurotrophic factor, platelet derived growth factor (PDGF),
and bone morphogenetic protein at concentrations of
between picogram/ml to milligram/ml levels.

As used herein, the term “growth medium” is meant to
refer to a culture medium that promotes growth of cells. A
growth medium will generally contain animal serum. In
some instances, the growth medium may not contain animal
serum.

An “isolated cell” refers to a cell which has been sepa-
rated from other components and/or cells which naturally
accompany the isolated cell in a tissue or mammal.
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Unless otherwise specified, a “nucleotide sequence
encoding an amino acid sequence” includes all nucleotide
sequences that are degenerate versions of each other and that
encode the same amino acid sequence. Nucleotide
sequences that encode proteins and RNA may include
introns.

An “isolated nucleic acid” refers to a nucleic acid segment
or fragment which has been separated from sequences which
flank it in a naturally occurring state, e.g., a DNA fragment
which has been removed from the sequences which are
normally adjacent to the fragment, e.g., the sequences adja-
cent to the fragment in a genome in which it naturally
occurs. The term also applies to nucleic acids which have
been substantially purified from other components which
naturally accompany the nucleic acid, e.g., RNA or DNA or
proteins, which naturally accompany it in the cell. The term
therefore includes, for example, a recombinant DNA which
is incorporated into a vector, into an autonomously repli-
cating plasmid or virus, or into the genomic DNA of a
prokaryote or eukaryote, or which exists as a separate
molecule (e.g., as a cDNA or a genomic or cDNA fragment
produced by PCR or restriction enzyme digestion) indepen-
dent of other sequences. It also includes a recombinant DNA
which is part of a hybrid gene encoding additional polypep-
tide sequence.

In the context of the present invention, the following
abbreviations for the commonly occurring nucleic acid bases
are used. “A” refers to adenosine, “C” refers to cytosine,
“G” refers to guanosine, “T” refers to thymidine, and “U”
refers to uridine.

As used herein, the term “multipotential” or “multipoten-
tiality” is meant to refer to the capability of a stem cell of the
central nervous system to differentiate into more than one
type of cell.

As used herein, the term “modulate” is meant to refer to
any change in biological state, i.e. increasing, decreasing,
and the like.

The terms “precursor cell,” “progenitor cell,” and “stem
cell” are used interchangeably in the art and herein and refer
either to a pluripotent, or lineage-uncommitted, progenitor
cell, which is potentially capable of an unlimited number of
mitotic divisions to either renew itself or to produce progeny
cells which will differentiate into the desired cell type.
Unlike pluripotent stem cells, lineage-committed progenitor
cells are generally considered to be incapable of giving rise
to numerous cell types that phenotypically differ from each
other. Instead, progenitor cells give rise to one or possibly
one or more lineage-committed cell types.

As used herein, “scaffold” refers to a structure, compris-
ing a biocompatible material, that provides a surface suitable
for adherence and proliferation of cells. A scaffold may
further provide mechanical stability and support. A scaffold
may be in a particular shape or form so as to influence or
delimit a three-dimensional shape or form assumed by a
population of proliferating cells. Such shapes or forms
include, but are not limited to, films (e.g. a form with
two-dimensions substantially greater than the third dimen-
sion), ribbons, cords, sheets, flat discs, cylinders, spheres,
3-dimensional amorphous shapes, etc.

The term “stromal cell medium” as used herein, refers to
a medium useful for culturing ADAS cells. An example of
a stromal cell medium is a medium comprising DMEM/F 12
Ham’s, 10% fetal bovine serum, 100 U penicillin/100 lig
streptomycin/0.25 Fungizone. Typically, the stromal cell
medium comprises a base medium, serum and an antibiotic/
antimycotic. However, ADAS cells can be cultured with
stromal cell medium without an antibiotic/antimycotic and
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supplemented with at least one growth factor. Preferably the
growth factor is human epidermal growth factor (WhEGF).
The preferred concentration of hEGF is about 1-50 ng/ml,
more preferably the concentration is about 5 ng/ml. The
preferred base medium is DMEM/F12 (1:1). The preferred
serum is fetal bovine serum (FBS) but other sera may be
used including horse serum or human serum. Preferably up
to 20% FBS will be added to the above media in order to
support the growth of stromal cells. However, a defined
medium could be used if the necessary growth factors,
cytokines, and hormones in FBS for stromal cell growth are
identified and provided at appropriate concentrations in the
growth medium. It is further recognized that additional
components may be added to the culture medium. Such
components include but are not limited to antibiotics, anti-
mycotics, albumin, growth factors, amino acids, and other
components known to the art for the culture of cells.
Antibiotics which can be added into the medium include, but
are not limited to, penicillin and streptomycin. The concen-
tration of penicillin in the culture medium is about 10 to
about 200 units per ml. The concentration of streptomycin in
the culture medium is about 10 to about 200 pg/ml. How-
ever, the invention should in no way be construed to be
limited to any one medium for culturing stromal cells.
Rather, any media capable of supporting stromal cells in
tissue culture may be used.

“Transplant” refers to a biocompatible lattice or a donor
tissue, organ or cell, to be transplanted. An example of a
transplant may include but is not limited to skin cells or
tissue, bone marrow, and solid organs such as heart, pan-
creas, kidney, lung and liver. Preferably, the transplant is a
human neural stem cell.

A ““vector” is a composition of matter which comprises an
isolated nucleic acid and which can be used to deliver the
isolated nucleic acid to the interior of a cell.

Numerous vectors are known in the art including, but not
limited to, linear polynucleotides, polynucleotides associ-
ated with ionic or amphiphilic compounds, plasmids, and
viruses. Thus, the term “vector” includes an autonomously
replicating plasmid or a virus. The term should also be
construed to include non-plasmid and non-viral compounds
which facilitate transfer of nucleic acid into cells, such as,
for example, polylysine compounds, liposomes, and the like.
Examples of viral vectors include, but are not limited to,
adenoviral vectors, adeno-associated virus vectors, retrovi-
ral vectors, and the like.

“Expression vector” refers to a vector comprising a
recombinant polynucleotide comprising expression control
sequences operatively linked to a nucleotide sequence to be
expressed. An expression vector comprises sufficient cis-
acting elements for expression; other elements for expres-
sion can be supplied by the host cell or in an in vitro
expression system. Expression vectors include all those
known in the art, such as cosmids, plasmids (e.g., naked or
contained in liposomes) and viruses that incorporate the
recombinant polynucleotide.

Wt proteins form a family of highly conserved secreted
signaling molecules that regulate cell-to-cell interactions
during embryogenesis. The terms “Wnts” or “Wnt gene
product” or “Wnt polypeptide” when used herein encompass
native sequence Wnt polypeptides, Wnt polypeptide vari-
ants, Wnt polypeptide fragments and chimeric Wnt poly-
peptides.

The term “agonist” refers to an agent or analog that binds
productively to a receptor and mimics its biological activity.
The term “antagonist” refers to an agent that binds to
receptors but does not provoke the normal biological
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response. Thus, an antagonist potentiates or recapitulates,
for example, the bioactivity of patched, such as to repress
transcription of target genes. The term “Wnt antagonist” as
used herein refers not only to any agent that may act by
directly inhibiting the normal function of the Wnt protein,
but also to any agent that inhibits the Wnt signaling pathway,
and thus recapitulates the function of Wnt. The term “Wnt
agonist” likewise refers to an agent which antagonizes or
blocks the bioactivity of Wnt, such as to increase transcrip-
tion of target genes.

As now further described are materials and methods for
treating MSCs with an agent that enhances Wnt signaling in
the MSC so that the treated MSC exhibit an enhanced
osteogenic characteristic compared to an otherwise identical
MSC not treated with the agent. The treated MSC produced
by the methods of the invention are useful in providing a
source of cells for research or transplantation. Thus, in one
embodiment, the invention provides a method of treating
MSCs to enhance the capacity of the MSCs for osteogenic
cytotherapy comprising contacting the cells with an agent
that enhances Wnt signaling in the cell.

The present invention relates to the discovery that con-
tacting an MSC with an agent that enhances Wnt signaling
in the cell enhances the osteogenic characteristic of the
MSC. Preferably, the MSC is human MSC. In some
instances, the agent can be contacted with any desirable cell
having the ability to differentiate into a bone cell to increase
the osteogenic characteristic of the cell.

The cells of the invention are useful for treating a bone
degeneration or bone injury in a mammal. In some instances,
the bone degeneration or injury may be associated with a
cancer. The cancer may be a solid cancer, for example
osteosarcoma, or a disseminated cancer, e.g., multiple
myeloma, or a cancer that metastasizes to the bone, such as,
breast cancer or prostate cancer. Also, the bone degeneration
or injury may be associated with or may result from osteo-
porosis, osteogenesis imperfecta, or severe cranial injury. In
addition, the bone injury may result from a fracture or a
break from trauma resulting from osteoporosis, osteogenesis
imperfecta or cranial injury or may result from another
trauma.

Pre-treatment. The invention comprises the treatment of a
cell having the potential to differentiate into a bone cell to
enhance the osteogenic characteristic of the cell. Preferably,
the cell having the differentiation potential is an MSC. While
the invention is not bound by any theory of operation, it is
believed that treatment of the MSC with an agent that
enhances Wnt signaling in the cell enhances the osteogenic
characteristic of the cell.

Accordingly, the present invention provides osteogenic
compositions or formulations of mesenchymal stem cells
(MSC) that are conditioned into becoming predominantly
osteogenic upon administration in humans or animals. In
one embodiment, the MSCs are pre-cultured in the presence
of an agent that enhances Wnt signaling in the cell. In
another embodiment, the agent that enhances Wnt signaling
in a cell is an inhibitor of, for example, glycogen synthetase
kinase-3-beta (GSK313), peroxisome proliferator-activated
receptor gamma (PPARY), or a combination thereof. An
example of a GSK3p inhibitor includes but is not limited to
bromo-indirubin-oxime,  bromo-indirubin-3'-mono-oxide
(BIO), 7-azaindolyl-pyrazinylmaleimide (7AIPM), and the
like. An example of a PPARy inhibitor is 2-chloro-5-nitro-
N-phenyl-benzamide (GW9662).

In some instances, the MSC is contacted with an agent
that enhances Wnt signaling in the cell in a culturing
medium. The culturing medium generally comprises a base
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media. Non-limiting examples of base media useful in the
methods of the invention include Minimum Essential
Medium Eagle, ADC-1, LPM (Bovine Serum Albumin-
free), F10 (HAM), F12 (HAM), DCCM1, DCCM2, RPMI
1640, BGJ Medium (with and without Fitton-Jackson Modi-
fication), Basal Medium Eagle (BME-with the addition of
Earle’s salt base), Dulbecco’s Modified Eagle Medium
(DMEM-without serum), Yamane, IMEM-20, Glasgow
Modification FEagle Medium (GMEM), Leibovitz [-15
Medium, McCoy’s SA Medium, Medium M199 (M199E-
with FEarle’s sale base), Medium M199 (M199H-with
Hank’s salt base), Minimum Essential Medium FEagle
(MEM-E-with Earle’s salt base), Minimum FEssential
Medium Eagle (MEM-H-with Hank’s salt base) and Mini-
mum Essential Medium Eagle (MEM-NAA with non essen-
tial amino acids), among numerous others, including
medium 199, CMRL 1415, CMRL 1969, CMRL 1066,
NCTC 135, MB 75261, MAB 8713, DM 145, Williams’ G,
Neuman & Tytell, Higuchi, MCDB 301, MCDB 202,
MCDB 501, MCDB 401, MCDB 411, MDBC 153. A
preferred medium for use in the present invention is DMEM.
These and other useful media are available from GIBCO,
Grand Island, N.Y., USA and Biological Industries, Bet
HaEmek, Israel, among others. A number of these media are
summarized in Methods in Enzymology, Volume LVIII,
“Cell Culture,” pp. 62-72.

Additional non-limiting examples of media useful in the
methods of the invention can contain fetal serum of bovine
or other species at a concentration of at least 1% to about
30%, preferably at least about 5% to 15%, mostly preferably
about 10%. Embryonic extract of chicken or other species
can be present at a concentration of about 1% to 30%,
preferably at least about 5% to 15%, most preferably about
10%.

In another embodiment, the invention provides a method
for differentiating an MSC that has been pre-treated with an
agent that enhances Wnt signaling in the cell to express at
least one characteristic of a cell of the bone lineage. In some
instances, the MCSs are plated to a useful density, including
but not limited to a density of about 1,000 to about 500,000
cells/cm?; incubating the cells in a chemically defined
culture medium. In one embodiment, the MSCs are differ-
entiated to express at least one protein characteristic of a
bone cell. In another embodiment, the MSCs are differen-
tiated to exhibit a morphological characteristic of a bone
derived cell.

Differentiation media useful in the methods of the inven-
tion may contain one or more compounds of interest, includ-
ing, but not limited to, antibiotics, compounds that are
osteoinductive, osteoconductive, or promote growth or dif-
ferentiation, such as bone morphogenetic proteins or other
growth factors. Examples of bone morphogenetic proteins
include, but are not limited to, osteogenic protein-1, BMP-5,
osteogenin, osteoinductive factor and bone morphogenetic
protein-4 (Asahina et al. (1996) Exp Cell Res 222:38-47;
Takuwa (1991) Biochem Biophys Res Com 174:96-101;
Chen (1991) ] Bone M M Res 6:1387-1390; Sampath (1992)
J Biol Chem 267:20352-20362; Wozney et al. 1988 Science
242:1528-1534, the contents of which are incorporated
herein by reference), and the like.

The presence of the differentiated cells of the invention
may be detected by a variety of techniques including, but not
limited to, flow cytometric, immunohistochemical, in situ
hybridization, and/or other histologic or cellular biologic
techniques. See, e.g., Kopen et al., 1999, Proc Natl Acad Sci
96:10711-10716.
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Cells exhibiting at least one characteristic of a bone cell
of the invention may be introduced into the bone of a human
or animal subject at the site of surgery or fracture. Intro-
duction of an osteogenic cell of the invention to bone is
useful in the treatment of bone fractures and bone disorders,
including osteoporosis. Thus, in another embodiment, the
invention is directed to a method of improving a mammal’s
bone structure, comprising: a) culturing MSCs in a compo-
sition which comprises a medium capable of supporting the
growth of MSCs and differentiation inducing amounts a
differentiation agent in combination with an agent that
enhances Wnt signaling in a cell; b) introducing the treated
MSC into a surgery or fracture site of a mammal in need
thereof mammal.

Preferably, the MSCs are isolated from the mammal into
which the treated MSC are to be introduced. However, the
MSCs may also be isolated from an organism of the same or
different species as the mammal. The mammal may be any
organism having bone tissue. Preferably the mammal is a
human.

Genetic Modification. The cells of the invention may be
stably or transiently transformed with a nucleic acid of
interest prior to introduction into a surgery or fracture site of
the mammal. Nucleic acid sequences of interest include, but
are not limited to those encoding gene products that enhance
the growth, differentiation and/or mineralization of bone
cells. For example, an expression system for bone morpho-
genetic protein 4, can be introduced into the MSCs in a
stable or transient fashion for the purpose of treating non-
healing fractures or osteoporosis. Methods of transformation
of MSCs are known to those skilled in the art, as are methods
for introducing cells into a bone at the site of surgery or
fracture.

In cases in which a gene construct is transfected into a
cell, the heterologous gene is operably linked to regulatory
sequences required to achieve expression of the gene in the
cell. Such regulatory sequences typically include a promoter
and a polyadenylation signal.

The gene construct is preferably provided as an expres-
sion vector that includes the coding sequence for a heter-
ologous protein operably linked to essential regulatory
sequences such that when the vector is transfected into the
cell, the coding sequence will be expressed by the cell. The
coding sequence is operably linked to the regulatory ele-
ments necessary for expression of that sequence in the cells.
The nucleotide sequence that encodes the protein may be
cDNA, genomic DNA, synthesized DNA or a hybrid
thereof, or an RNA molecule such as mRNA. The gene
construct includes the nucleotide sequence encoding the
beneficial protein operably linked to the regulatory elements
and may remain present in the cell as a functioning cyto-
plasmic molecule, a functioning episomal molecule or it
may integrate into the cell’s chromosomal DNA. Exogenous
genetic material may be introduced into cells where it
remains as separate genetic material in the form of a
plasmid. Alternatively, linear DNA which can integrate into
the chromosome may be introduced into the cell. When
introducing DNA into the cell, reagents which promote
DNA integration into chromosomes may be added. DNA
sequences which are useful to promote integration may also
be included in the DNA molecule. Alternatively, RNA may
be introduced into the cell.

The regulatory elements for gene expression include: a
promoter, an initiation codon, a stop codon, and a polyade-
nylation signal. It is preferred that these elements be oper-
able in the cells of the present invention. Moreover, it is
preferred that these elements be operably linked to the
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nucleotide sequence that encodes the protein such that the
nucleotide sequence can be expressed in the cells and thus
the protein can be produced. Initiation codons and stop
codons are generally considered to be part of a nucleotide
sequence that encodes the protein. However, it is preferred
that these elements are functional in the cells. Similarly,
promoters and polyadenylation signals used must be func-
tional within the cells of the present invention. Examples of
promoters useful to practice the present invention include
but are not limited to promoters that are active in many cells
such as the cytomegalovirus promoter, SV40 promoters and
retroviral promoters. Other examples of promoters useful to
practice the present invention include but are not limited to
tissue-specific promoters, i.e. promoters that function in
some tissues but not in others; also, promoters of genes
normally expressed in the cells with or without specific or
general enhancer sequences. In some embodiments, promot-
ers are used which constitutively express genes in the cells
with or without enhancer sequences. Enhancer sequences
are provided in such embodiments when appropriate or
desirable.

The cells of the present invention can be transfected using
well known techniques readily available to those having
ordinary skill in the art. Exogenous genes may be introduced
into the cells using standard methods where the cell
expresses the protein encoded by the gene. In some embodi-
ments, cells are transfected by calcium phosphate precipi-
tation transfection, DEAE dextran transfection, electropora-
tion, microinjection, liposome-mediated transfer, chemical-
mediated transfer, ligand mediated transfer or recombinant
viral vector transfer.

In some embodiments, recombinant adenovirus vectors
are used to introduce DNA with desired sequences into the
cell. In some embodiments, recombinant retrovirus vectors
are used to introduce DNA with desired sequences into the
cells. In other embodiments, standard CaPO4, DEAE dex-
tran or lipid carrier mediated transfection techniques are
employed to incorporate desired DNA into dividing cells. In
some embodiments, DNA is introduced directly into cells by
microinjection. Similarly, well-known electroporation or
particle bombardment techniques can be used to introduce
foreign DNA into the cells. A second gene is usually
co-transfected or linked to the therapeutic gene. The second
gene is frequently a selectable antibiotic-resistance gene.
Standard antibiotic resistance selection techniques can be
used to identify and select transfected cells. Transfected
cells are selected by growing the cells in an antibiotic that
will kill cells that do not take up the selectable gene. In most
cases where the two genes co-transfected and unlinked, the
cells that survive the antibiotic treatment contain and
express both genes.

In another embodiment, the cells of the invention can be
genetically modified, e.g., to express exogenous genes or to
repress the expression of endogenous genes. In accordance
with this embodiment, the cell is exposed to a gene transfer
vector comprising a nucleic acid including a transgene, such
that the nucleic acid is introduced into the cell under
conditions appropriate for the transgene to be expressed
within the cell. The transgene generally is an expression
cassette, including a coding polynucleotide operably linked
to a suitable promoter. The coding polynucleotide can
encode a protein, or it can encode biologically active RNA,
such as antisene RNA or a ribozyme. Thus, the coding
polynucleotide can encode a gene conferring, for example,
resistance to a toxin, a hormone (such as peptide growth
hormones, hormone releasing factor, sex hormones, adreno-
corticotrophic hormones, cytokines such as interferons,
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interleukins, and lymphokines), a cell surface-bound intra-
cellular signaling moiety such as cell-adhesion molecules
and hormone receptors, and factors promoting a given
lineage of differentiation, or any other transgene with known
sequence.

The expression cassette containing the transgene should
be incorporated into the genetic vector suitable for deliver-
ing the transgene to the cell. Depending on the desired end
application, any such vector can be so employed to geneti-
cally modify the cells (e.g., plasmids, naked DNA, viruses
such as adenovirus, adeno-associated virus, herpesvirus,
lentivirus, papillomavirus, retroviruses, etc.). Any method of
constructing the desired expression cassette within such
vectors can be employed, many of which are well known in
the art, such as by direct cloning, homologous recombina-
tion, etc. The desired vector will largely determine the
method used to introduce the vector into the cells, which are
generally known in the art. Suitable techniques include
protoplast fusion, calcium-phosphate precipitation, gene
gun, electroporation, and infection with viral vectors.

It should be understood that the methods described herein
may be carried out in a number of ways and with various
modifications and permutations thereof that are well known
in the art. It should also be appreciated that any theories set
forth as to modes of action or interactions between cell types
should not be construed as limiting this invention in any
manner, but are presented such that the methods of the
invention can be more fully understood.

Scaffold. The cells of the invention may be introduced
alone or in admixture with a composition useful in the repair
of'bone wounds and defects. Such compositions include, but
are not limited to bone morphogenetic proteins, hydroxy-
apatite/tricalcium phosphate particles (HA/TCP), gelatin,
poly-L-lysine, and collagen.

MSCs can be derived in great quantities from the recipi-
ent’s bone marrow and, using the novel culture conditions,
can be induced to differentiate into an osteoprogenitor cell
with great capacity to regenerate bone. Confined in biocom-
poatible gels such as, but not limited to, clotted plasma, the
cells build new bone at the site and induce the infiltration of
new blood vessels which is a critical requirement for bone
growth). The treated MSCs also produce a countless number
of'secreted growth factors, cytokines and structural proteins,
including, but not limited to collagen I and BMP2. Since the
new material is real bone, and the cells are from the recipient
or a compatible donor, rejection and maintenance is not an
issue.

The present invention includes using a scaffold to deliver
cells to the desired tissue. The cells can be seeded onto or
into a three-dimensional scaffold and administered in vivo in
a mammal, where the seeded cells proliferate on the frame-
work and form a replacement tissue in vivo in cooperation
with the cells of the mammal.

In some embodiments of the invention, the scaffold com-
prises extracellular matrix, cell lysate (e.g., soluble cell
fractions), or combinations thereof, of the desired cells. In
some embodiments, the scaffold comprises an extracellular
matrix protein secreted by the cells of the invention. Alter-
natively, the extracellular matrix is an exogenous material
selected from the group consisting of calcium alginate,
agarose, fibrin, collagen, laminin, fibronectin, glycosamino-
glycan, hyaluronic acid, heparin sulfate, chondroitin sulfate
A, dermatan sulfate, and bone matrix gelatin. In some
embodiments, the matrix comprises natural or synthetic
polymers.

The invention includes biocompatible scaffolds, lattices,
self-assembling structures and the like, whether biodegrad-
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able or not, liquid or solid. Such scaffolds are known in the
art of cell-based therapy, surgical repair, tissue engineering,
and wound healing. Preferably the scaffolds are pretreated
(e.g., seeded, inoculated, contacted with) with the cells,
extracellular matrix, conditioned medium, cell lysate, or
combination thereof. In some embodiments of the invention,
the cells adhere to the scaffold. The seeded scaffold can be
introduced into the mammal in any way known in the art,
including but not limited to implantation, injection, surgical
attachment, transplantation with other tissue, injection, and
the like. The scaffold of the invention may be configured to
the shape and/or size of a tissue or organ in vivo. For
example, but not by way of limitation, the scaffold may be
designed such that the scaffold structure supports the seeded
cells without subsequent degradation; supports the cells
from the time of seeding until the tissue transplant is
remodeled by the host tissue; and allows the seeded cells to
attach, proliferate, and develop into a tissue structure having
sufficient mechanical integrity to support itself. Scaffolds of
the invention can be administered in combination with any
one or more growth factors, cells, drugs or other and/or
components described elsewhere herein that stimulate tissue
formation or otherwise enhance or improve the practice of
the invention. The cells to be seeded onto the scaffolds may
be genetically engineered to express growth factors or drugs.

In another preferred embodiment, the cells of the inven-
tion are seeded onto a scaffold where the material exhibits
specified physical properties of porosity and biomechanical
strength to mimic the features of natural bone, thereby
promoting stability of the final structure and access and
egress of metabolites and cellular nutrients. That is, the
material should provide structural support and can form a
scaffolding into which host vascularization and cell migra-
tion can occur. In this embodiment, the desired cells are first
mixed with a carrier material before application to a scaf-
fold. Suitable carriers include, but are not limited to, calcium
alginate, agarose, types I, II, IV or other collagen isoform,
fibrin, poly-lactic/poly-glycolic acid, hyaluronate deriva-
tives, gelatin, laminin, fibronectin, starch, polysaccharides,
saccharides, proteoglycans, synthetic polymers, calcium
phosphate, and ceramics (i.e., hydroxyapatite, tricalcium
phosphate).

The external surfaces of the three-dimensional framework
may be modified to improve the attachment or growth of
cells and differentiation of tissue, such as by plasma coating
the framework or addition of one or more proteins (e.g.,
collagens, elastic fibers, reticular fibers), glycoproteins, gly-
cosaminoglycans (e.g., heparin sulfate, chondroitin-4-sul-
fate, chondroitin-6-sulfate, dermatan sulfate, keratin sul-
fate), a cellular matrix, and/or other materials such as, but
not limited to, gelatin, alginates, agar, and agarose.

In some embodiments, it is important to re-create in
culture the cellular microenvironment found in vivo. In
addition, growth factors, osteogenic inducing agents, and
angiogenic factors may be added to the culture medium prior
to, during, or subsequent to inoculation of the cells to trigger
differentiation and tissue formation by the cells following
administration into the mammal.

Therapy. Disclosed herein is the induction of canonical
Wnt signaling in an MSC to enhance the osteogenic char-
acteristic of the cell. Induction of Wnt signaling can be
accomplished by inhibition of GSK, inhibition of PPARY,
or a combination thereof. Indication of Wnt signaling accel-
erates osteogenic differentiation by MSCs in vivo and in
vitro and partially differentiates them into primitive osteo-
blasts. It is contemplated that these drugs increase bone
mineral levels in a variety of bone degenerative diseases

10

15

20

25

30

35

40

45

50

55

60

65

38

including osteoporosis, some forms of malignant bone dis-
ease, some forms of osteogenesis imperfecta and also in the
treatment of serious skeletal injuries.

The present invention provides compositions and meth-
ods for enhancing the osteogenic characteristic of MSCs.
Accordingly, the MSCs treated using the methods of the
invention can significantly accelerate the repair of a bone
injury, disease, or disorder. In some instances, the MSCs of
the invention can treat a bone injury, disease, or disorder
without the necessity for prosthetic reconstruction, or the
requirement for donor bone tissue. Thus, the invention has
a great utility in simplifying the treatment of bone injury.
Furthermore, the methods can dramatically accelerate the
healing of less severe fractures, allowing recipients to regain
mobility after a shorter duration.

The invention also provides a method of treating bone
degeneration or injury associated with a pathophysiological
condition in a mammal, comprising administering to the
mammal an effective amount of the osteogenic composition
of the invention to accelerate bone repair, thereby treating
the bone degeneration or injury. In one embodiment, the
method comprises readministering the osteogenic composi-
tion periodically. Particularly the osteogenic composition
may be readministered about every two weeks.

Administration of the osteogenic composition of the
invention may comprise injecting or implanting the same
into the site of bone degeneration or injury. In one embodi-
ment the bone degeneration or injury may be associated with
a cancer. Examples of a cancer are an osteosarcoma, mul-
tiple myeloma or a breast or prostate cancer metastasizing to
the bone. In another embodiment the bone degeneration or
injury may be associated with osteoporosis, osteogenesis
imperfecta, or severe cranial injury. In yet another embodi-
ment the bone injury may be a bone fracture or break.

In yet another embodiment of the present invention there
is provided a method for accelerating repair of a skeletal
injury in a mammal, comprising directly contacting the site
of the skeletal injury with an effective amount of the
osteogenic composition described herein to accelerate bone
repair. In one embodiment, the method comprises recontact-
ing the site of injury with the osteogenic composition
periodically. An example of periodic recontact is about every
two weeks. In one embodiment, the step of directly contact-
ing the site of injury comprises injecting or implanting the
osteogenic composition directly therein. Also, the skeletal
injury may be a bone fracture or break.

In addition, the skeletal injury may be associated with
osteoporosis, osteogenesis imperfecta, or severe cranial
injury.

Also, the present invention also provides methods of
treating bone degeneration or injury associated with a patho-
physiological condition using the osteogenic compositions
provided herein. The cells comprising the composition are
mixed with plasma and administered into a site of bone
wound or site of bone degeneration by injection or surgical
implantation. If desired, cells are re-administered about
every 14 days by injection. This procedure accelerates
angiogenesis and bone healing faster than untreated MSCs.

Based upon the present disclosure, MSCs can be isolated
and expanded in culture in vitro to obtain sufficient numbers
of cells for use in the methods described herein provided that
the MSCs are cultured in a manner that enhances Wnt
signaling in the cells thereby enhancing osteogenic charac-
teristic of the cell. For example, MSCs can be isolated from
human bone marrow and cultured in complete medium
(DMEM low glucose containing 4 mM L-glutamine, 10%
FBS, and 1% penicillin/streptomycin) in hanging drops or
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on non-adherent dishes. However, the invention should in no
way be construed to be limited to any one method of
isolating and culturing medium. Rather, any method of
isolating and culturing medium should be construed to be
included in the present invention provided that the MSCs are
cultured in a manner that promotes Wnt signaling in the cell
thereby enhancing osteogenic characteristic of the cell.

Any medium capable of supporting MSCs in vitro may be
used to culture the MSCs. Media formulations that can
support the growth of MSCs include, but are not limited to,
Dulbecco’s Modified Eagle’s Medium (DMEM), alpha
modified Minimal Essential Medium (alphaMEM), and
Roswell Park Memorial Institute Media 1640 (RPMI Media
1640) and the like. Typically, 0 to 20% fetal bovine serum
(FBS) or 1-20% horse serum is added to the above medium
in order to support the growth of MSCs. However, a defined
medium can also be used if the growth factors, cytokines,
and hormones necessary for culturing MSCs are provided at
appropriate concentrations in the medium. Media useful in
the methods of the invention may contain one or more
compounds of interest, including but not limited to antibi-
otics, mitogenic or differentiation compounds useful for the
culturing of MSCs. The cells may be grown at temperatures
between 27° C. to 40° C., preferably 31° C. to 37° C., and
more preferably in a humidified incubator. The carbon
dioxide content may be maintained between 2% to 10% and
the oxygen content may be maintained between 1% and
22%. However, the invention should in no way be construed
to be limited to any one method of isolating and culturing
MSCs. Rather, any method of isolating and culturing MSCs
should be construed to be included in the present invention
provided that Wnt signaling is enhanced in the cells.

Another embodiment of the present invention encom-
passes the route of administering MSCs to the recipient of
the transplant. MSCs can be administered by a route which
is suitable for the placement of the transplant, i.e. a biocom-
patible lattice or a donor tissue, organ or cell, to be trans-
planted. MSCs can be administered systemically, i.e., par-
enterally, by intravenous injection or can be targeted to a
particular tissue or organ, such as bone marrow. MSCs can
be administered via a subcutaneous implantation of cells or
by injection of the cells into connective tissue, for example,
muscle.

The cells of the invention may be administered into a host
in order in a wide variety of ways. Preferred modes of
administration are parenteral, intraperitoneal, intravenous,
intradermal, epidural, intraspinal, intrasternal, intra-articu-
lar, intra-synovial, intrathecal, intra-arterial, intracardiac,
intramuscular, intranasal, subcutaneous, intraorbital, intra-
capsular, topical, transdermal patch, via rectal, vaginal or
urethral administration including via suppository, percuta-
neous, nasal spray, surgical implant, internal surgical paint,
infusion pump, or via catheter. In one embodiment, the agent
and carrier are administered in a slow release formulation
such as a direct tissue injection or bolus, implant, micropar-
ticle, microsphere, nanoparticle or nanosphere. MSCs can be
suspended in an appropriate diluent. Suitable excipients for
injection solutions are those that are biologically and physi-
ologically compatible with the MSCs and with the recipient,
such as buffered saline solution or other suitable excipients.
The composition for administration can be formulated,
produced and stored according to standard methods com-
plying with proper sterility and stability.

The dosage of the MSCs varies within wide limits and
may be adjusted to the individual requirements in each
particular case. The number of cells used depends on the
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weight and condition of the recipient, the number and/or
frequency of administrations, and other variables known to
those of skill in the art.

The cells described herein can be used in combination
with any known technique of tissue engineering, including
but not limited to those technologies described in patents
and publications including U.S. Pat. Nos. 5,902,741 and
5,863,531 as well as, but not limited to U.S. Pat. No.
6,139,574, U.S. Pat. No. 5,759,830, U.S. Pat. No. 5,741,685;
U.S. Pat. No. 5,736,372; U.S. Pat. No. 5,804,178; U.S. Pat.
No. 5,770,417, U.S. Pat. No. 5,770,193; U.S. Pat. No.
5,709,854, U.S. Pat. No. 5,516,532; U.S. Pat. No. 5,855,610;
U.S. Pat. No. 5,041,138; U.S. Pat. No. 6,027,744; U.S. Pat.
No. 6,123,727, U.S. Pat. No. 5,536,656; U.S. Pat. No.
5,144,016; U.S. Pat. No. 5,944,754, U.S. Pat. No. 5,723,331,
U.S. Pat. No. 6,143,501; all of which are incorporated herein
by reference in their entirety.

Transplantation. The invention provides an osteogenic
composition comprising MSCs pre-cultured in the presence
of an agent that accelerates canonical Wnt signaling therein.
In using the osteogenic compositions of the invention, one
of ordinary skill in this art is well able to formulate the
composition with a suitable pharmaceutical carrier, if nec-
essary, for injection or implantation and to determine
whether injection or implantation is the most effective
means of introducing the osteogenic composition to the site
of' bone degeneration or injury. Also, one of ordinary skill in
the art is well able to determine a sufficient dosage of the
osteogenic composition to inject or implant into a mammal.
Dosage would be based on at least the location, extent and
severity of bone degeneration or injury and on the patho-
physiological condition associated therewith.

Embodiments described encompass methods for admin-
istering cells of the invention to an animal, including a
human, in order to treat a disease where the introduction of
new, undamaged cells will provide some form of therapeutic
relief.

The skilled artisan will readily understand that MSCs can
be transplanted into a recipient whereby upon receiving
signals and cues from the surrounding milieu, the cells can
further differentiate into mature cells in vivo dictated by the
neighboring cellular milieu. Alternatively, the MSCs can be
differentiated in vitro into a desired cell type and the
differentiated cell can be administered to an animal in need
thereof.

The invention also encompasses grafting MSCs in com-
bination with other therapeutic procedures to treat disease or
trauma in the body. Thus, MSCs can be co-grafted with other
cells, both genetically modified and non-genetically modi-
fied cells which exert beneficial effects on the patient.
Therefore the methods disclosed herein can be combined
with other therapeutic procedures as would be understood by
one skilled in the art once armed with the teachings provided
herein.

The MSCs of this invention can be transplanted into a
patient using techniques known in the art such as i.e., those
described in U.S. Pat. Nos. 5,082,670 and 5,618,531, each
incorporated herein by reference, or into any other suitable
site in the body.

Transplantation of the cells of the present invention can be
accomplished using techniques well known in the art as well
as those described herein or as developed in the future. The
present invention comprises a method for transplanting,
grafting, infusing, or otherwise introducing the cells into a
mammal, preferably, a human. Exemplified herein are meth-
ods for transplanting the cells into bone tissue of various
mammals, but the present invention is not limited to such
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anatomical sites or to those mammals. Also, methods that
relate to bone transplants are well known in the art and are
described for example, in U.S. Pat. No. 4,678,470 and U.S.
Pat. No. 5,571,083, teaches methods for transplanting cells
to any anatomical location in the body.

The cells may also be encapsulated and used to deliver
biologically active molecules, according to known encap-
sulation technologies, including microencapsulation (see,
e.g., US. Pat. Nos. 4,352,883; 4,353,888; and 5,084,350,
herein incorporated by reference), or macroencapsulation
(see, e.g., U.S. Pat. Nos. 5,284,761; 5,158,881; 4,976,859;
and 4,968,733; and International Publication Nos. WO
92/19195; WO 95/05452, all of which are incorporated
herein by reference). For macroencapsulation, cell number
in the devices can be varied; preferably, each device contains
between 10° to 10° cells, most preferably, about 10° to 107
cells. Several macroencapsulation devices may be implanted
in the patient. Methods for the macroencapsulation and
implantation of cells are well known in the art and are
described in, for example, U.S. Pat. No. 6,498,018.

The dosage of the MSCs varies within wide limits and
may be adjusted to the individual requirements in each
particular case. The number of cells used depends on the
weight and condition of the recipient, the number and/or
frequency of administration, and other variables known to
those of skill in the art.

The number of MSCs administered to a patient may be
related to, for example, the cell yield after processing. A
portion of the total number of cells may be retained for later
use or cyropreserved. In addition, the dose delivered
depends on the route of delivery of the cells to the patient.
In one embodiment of the invention, a number of cells to be
delivered to the patient is expected to be about 5.5x10* cells
or greater. However, this number can be adjusted by orders
of magnitude to achieve the desired therapeutic effect.

The mode of administration of the cells of the invention
to the patient may vary depending on several factors includ-
ing the type of disease being treated, the age of the mammal,
whether the cells are differentiated or not, whether the cells
have heterologous DNA introduced therein, and the like.
The cells may be introduced to the desired site by direct
injection, or by any other means used in the art for the
introduction of compounds administered to a patient suffer-
ing from a particular disease or disorder.

The MSCs may also be applied with additives to enhance,
control, or otherwise direct the intended therapeutic effect.
For example, in one embodiment, the cells may be further
purified by use of antibody-mediated positive and/or nega-
tive cell selection to enrich the cell population to increase
efficacy, reduce morbidity, or to facilitate ease of the pro-
cedure. Similarly, cells may be applied with a biocompatible
matrix which facilitates in vivo tissue engineering by sup-
porting and/or directing the fate of the implanted cells.

Prior to the administration of the MSCs into a patient, the
cells may be stably or transiently transfected or transduced
with a nucleic acid of interest using a plasmid, viral or
alternative vector strategy. The cells may be administered
following genetic manipulation such that they express gene
products that intended to promote the therapeutic response
(s) provided by the cells.

The use of MSCs for the treatment of a disease, disorder,
or a condition provides an additional advantage in that the
MSCs can be introduced into a recipient without the require-
ment of an immunosuppressive agent. Successful transplan-
tation of a cell is believed to require the permanent engraft-
ment of the donor cell without inducing a graft rejection
immune response generated by the recipient. Typically, in
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order to prevent a host rejection response, nonspecific
immunosuppressive agents such as cyclosporine, methotrex-
ate, steroids and FK506 are used. These agents are admin-
istered on a daily basis and if administration is stopped, graft
rejection usually results. However, an undesirable conse-
quence in using nonspecific immunosuppressive agents is
that they function by suppressing all embodiments of the
immune response (general immune suppression), thereby
greatly increasing a recipient’s susceptibility to infection
and other diseases.

The present invention provides a method of treating a
disease, disorder, or a condition of bone by introducing
MSCs or differentiated MSCs of the invention into the
recipient without the requirement of immunosuppressive
agents. The present invention includes the administration of
an allogeneic or a xenogeneic MSCs, or otherwise an MSC
that is genetically disparate from the recipient, into a recipi-
ent to provide a benefit to the recipient. The present inven-
tion provides a method of using MSCs or differentiated
MSCs of the invention to treat a disease, disorder or con-
dition without the requirement of using immunosuppressive
agents when administering the cells to a recipient. There is
therefore a reduced susceptibility for the recipient of the
transplanted MSC or differentiated MSC of the invention to
incur infection and other diseases, including cancer relating
conditions that is associated with immunosuppression
therapy.

The following further illustrate various representative
embodiments. However, they are in no way a limitation of
the teachings or disclosure of the present invention as set
forth herein. The invention is now described with reference
to the following Examples. These Examples are provided for
the purpose of illustration only, and the invention is not
limited to these Examples, but rather encompasses all varia-
tions which are evident as a result of the teachings provided
herein.

To investigate the role of Wnt signaling and osteogenesis
by human MSCs. An inhibitor of GSK3p that would be
predicted to mimic Wnt signaling through direct stabiliza-
tion of P-catenin (bromo-indirubin-3'-mono-oxime, BIO)
and an inhibitor of PPARy (GW9662, or GW) that would be
predicted to attenuate inhibitory crosstalk from the adipo-
genic axis and therefore also enhance Wnt signaling
(Farmer, 2005, Int J Obes (Lond). 29:13-16; Akune et al.,
2004, J Clin Invest 113:846-855; Liu et al., 2004, J Biol
Chem 279:45020-45027) were compared. It was observed
that both BIO and GW increased in vitro mineralization, but
expression of early osteogenic markers was biphasic, with
higher doses becoming inhibitory. When implanted into
mice harboring calvarial defects, hMSCs pre-treated with
GW substantially accelerated healing. It was observed that
GW treatment significantly reduced expression of chemok-
ines that may exacerbate neutrophil and macrophage medi-
ated cell rejection. These data suggest that use of PPARy
inhibitors during the preparation of hMSCs substantially and
reliably enhances the capacity of hMSCs for osteogenic
cytotherapy.

Example 1

Pharmaceutical Modulation of Canonical Wnt
Signaling in Multipotent Stromal Cells for
Improved Osteoinductive Therapy

Human mesenchymal stem cells (hMSCs) from bone
marrow are regarded as putative osteoblast progenitors in
vivo and differentiate into osteoblasts in vitro. Positive
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signaling by the canonical wingless (Wnt) pathway is criti-
cal for the differentiation of MSCs into osteoblasts. In
contrast, activation of the peroxisome proliferator-activated
receptor-y (PPARY) mediated pathway results in adipogen-
esis. Experiments were designed to compare the effects of
glycogen-synthetase-kinase-fp (GSK3f) inhibitors and
PPARYy inhibitors on osteogenesis by hMSCs. Both com-
pounds altered the intracellular distribution of f-catenin and
GSK3r3 in a manner consistent with activation of Wnt
signaling. With osteogenic supplements, the GSK3f inhibi-
tor bromoindirubin-3'-monooxime (BIO) and the PPARy
inhibitor GW9662 (GW) enhanced early osteogenic mark-
ers, alkaline phosphatase (ALP) and osteoprotegerin (OPG)
by hMSCs and transcriptome analysis demonstrated upregu-
lation of genes encoding bone-related structural proteins. At
higher doses of the inhibitors, ALP levels were attenuated,
but dexamethasone-induced biomineralization was acceler-
ated. When hMSCs were pretreated with BIO or GW and
implanted into experimentally induced non-self healing cal-
varial defects, GW treatment substantially increased the
capacity of the cells to repair the bone lesion. Furthermore,
it was observed that GW treatment significantly reduced
expression of chemokines that may exacerbate neutrophil
and macrophage mediated cell rejection. These data suggest
that use of PPARy inhibitors during the preparation of
hMSCs may enhance the capacity of the cells for osteogenic
cytotherapy.

The materials and methods employed in further examples
disclosed herein are described below.

Tissue culture. Iliac crest bone marrow aspirates (2 mL)
were drawn in accordance with institutional review board
approval. Mesenchymal stem cells were prepared from the
mononuclear fraction of the aspirates as previously
described (Colter et al., 2000, Proc Natl Acad Sci USA
96:7294-7299; Sekiya et al., 2002, Stem Cells 20:530-541).

Human MSCs were cultured in a-MEM containing 20%
(vol/vol) FBS, 100 units-mL ™" penicillin, 1 ug-mL™" strep-
tomycin, and 4 mM L-glutamine. For expansion, cells were
plated at an initial seeding density of 100 cells/cm® and
allowed to divide for six to eight doublings until 40-50%
confluent. For repassage and experiments, MSCs were
recovered with trypsin/EDTA mixture.

Early osteogenic differentiation and alkaline phosphatase
assays. MSCs were plated in 6-well plates at an initial
plating density of 100 cells per cm? and cultured in standard
complete media for 6 days until semi-confluence (approxi-
mately 5,000 cells per cm?). Osteogenic base media con-
sisting of complete media containing 5 mM $-GP and 50 pg
mL~" ascorbate-2-phosphate and the appropriate inhibitor or
vehicle was then used to induce early osteogenic differen-
tiation. Assays were allowed to proceed for 8-10 days with
changes of media every 2 days. ALP assays were performed
as previously described (Gunn et al., 2006, Stem Cells
24:986-991).

Cell cycle. Profiles were generated by fluorescence acti-
vated cell sorting and analyzed with software.

Array analysis. Transcriptome arrays were performed
using Affimetrix apparatus and HG-U133 Plus 2.0 chips.
Cytokine arrays on conditioned media were performed using
a human cytokine array and analyzed using a digital imager.

ELISAs. ELISA for CXCL6, Dkk-1, GROa, GRO13, and
OPG were carried out by using nonbiotinylated polyclonal
capture antibodies and biotinylated detection antibodies that
were commercially acquired on coated 96-well plates The
biotinylated capture antibodies were detected by using
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horseradish peroxidase-conjugated streptavidin and TMB
substrate. ELISA for IL-1b were performed by using com-
mercially acquired kits.

Protein extraction, gel electrophoresis and western blot-
ting. Nuclear extracts were performed by Triton extraction
and differential centrifugation as previously described
(Gregory et al., 2003, J Biol Chem 278:2806728078). Pro-
teins were electrophoresed and blotted onto nitrocellulose
using an electrophoresis system.

Late stage osteogenesis and ARS staining. Mature osteo-
genic assays were performed in 6 well format as previously
described (Gregory et al., 2004, Anal Biochem 329:77-84).

Clotted plasma co-culture. Confluent monolayers of
MSCs were generated in wells of a 12 well tissue culture
plate. Human plasma was added to each well so as to cover
approximately 30% of the surface area. After the plasma had
clotted osteogenic assays were then performed using stan-
dard media preparations.

Calvarial lesions. MSCs were cultured in the presence of
osteogenic base media containing the appropriate inhibitor
or vehicle. After 8 days, they were suspended in human
plasma and administered to nude mice that had received a
circular lesion in the cranium. Subsequent doses of cells
were administered by direct injection in plasma/thrombo-
plastin mix.

X-ray imaging and quantification. Cranial bones were
imaged by x-ray under anaesthesia. Digital images were be
captured on a digital plate and processed on a phosphorim-
ager reader and processed by volume analysis software.

Histochemistry and immunocytochemistry. For §-catenin
localization studies, hMSCs were stained with a cy-3 con-
jugated anti-f-catenin antibody and nuclei were counter-
stained with pico-green dye. Specimens were processed as
paraffin blocks and 8 longitudinal sections were prepared,
deparaffinized and rehydrated, then stained with hematoxy-
lin and eosin. For immunocytochemistry, sections were
probed with an anti-human p-2-microglobulin antibody. An
upright fluorescent microscope fitted with a high perfor-
mance camera (and image analysis software was employed
for imaging.

Tetracycline tracing of in vivo calcium deposition. The
tetracycline was imaged using an upright fluorescent micro-
scope fitted with a high performance camera and analyzed
using software. Embedding, sectioning and mounting was
carried out on non-decalcified material.

Semi-quantitative blood vessel measurements. Calvaria
were fixed, decalcified and sectioned in paraffin and stained
with hematoxylin and eosin as described. Using NIS-Ele-
ments image analysis software, the surface area of blood
vessels in a defined ROI was calculated and totaled. The
values were expressed as the mean of total blood vessel area
from 3 animals per group.

Calvaria were fixed, decalcified, and sectioned in paraffin
and stained with hematoxylin and eosin as described. Two-
dimensional regions of interest (ROI) were carefully defined
and normalized for all specimens. For this purpose, 6
um-thick longitudinal serial sections were prepared, and
those sections containing tissue up to and including 0.5 mm
above and below the diameter of the lesion. These were
included in the measurements. A 6 um section was counted
every 30 um (34 sections) within the entire region of
interest, which consisted of the longitudinal thickness of the
lesion (the thickness of the bone and adjacent fibrous tissue)
by the original width of the lesion in one dimension (3 mm)
and 0.5 mm above and below the original diameter of the
lesion in the final dimension. Using NIS-Elements image
analysis software, the surface area of blood vessels in the 2D
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ROI was calculated for each section and totaled. The values
were expressed as the mean of total blood vessel area from
three animals per group.

The results of these experiments are now described.

Effect of Dkk-1 and PPARY agonists on the expression of
ALP. To confirm that Wnt signaling is necessary for the
differentiation of hMSCs into osteoblasts, MSCs were incu-
bated in osteoinductive media containing no dexamethasone
(dex), for 8 days and measured activity of alkaline phos-
phatase (ALP). Although it is conventional to add dexam-
ethasone for osteogenesis, given its powerful pleiotropic
effects and the observation that early osteogenic markers
such as ALP can be activated without its presence (FIG.
16A), initial experiments were performed in the absence of
dexamethasone. When the Wnt inhibitor Dldc-1 was added
to block canonical Wnt signaling, ALP activity was attenu-
ated (FIG. 15A). PPARy activity was examined on osteo-
genesis since the PPARy activity enhances adipogenesis
whilst inhibiting the Wnt mediated osteogenic axis of dif-
ferentiation (Boland et al., 2004, J Cell Biochem 93:1210-
30; Farmer, 2005, Int J Obes (Lond). 29:13-16). ALP
function was dose-dependently down-regulated upon incu-
bation with troglitazone, and also other synthetic PPARYy
agonists (FIG. 15B, FIG. 16).

Effect of GSK3p and PPARy inhibition on intracellular
redistribution of GSK3p and p-catenin. The next experi-
ments were designed to examine whether inhibition of
GSK3f would mimic Wnt signaling through direct stabili-
zation of P-catenin, and inhibition of PPARy that would
blunt inhibitory crosstalk from the adipogenic axis therefore
also resulting in enhancement Wnt signaling (FIG. 3A)
(Farmer, 2005, Int J Obes (Lond). 29:13-16; Akune et al.,
2004, J Clin Invest 113:846-855; Liu et al., 2004, J Biol
Chem 279:45020-45027). The inhibitors BIO and GW were
chosen due to their specificity for GSK3f and PPARy
respectively (FIG. 17A). Incubation of both inhibitors with
MSCs under osteogenic conditions resulted in increased
levels of nuclear f3-catenin (FIG. 17B, 17C) and depletion
of GSK3p from the cytoplasm (FIG. 17D). Interestingly,
cytosolic depletion of GSKP occurred, even though the
proposed mechanism of BIO or GW does not predict up-
regulation of a Wnt/Frz/LRP/Dsh receptor complex. With-
out wishing to be bound by any particular theory, both
nuclear localization of f-catenin and depletion of cytosolic
GSK3f are consistent with enhancement of canonical Wnt
signaling. Furthermore, incubation of hMSCs in either BIO
or GW reduced nuclear levels of PPARy, also suggesting
that the canonical Wnt axis was predominating in the treated
cells.

Effect of GSK3f and PPARY inhibition on the expression
of ALP, OPG and Dkk-1. To examine whether the up-
regulation of Wnt signaling by the inhibitors affected early
stage osteogenesis by MSCs, they were incubated in osteo-
genic medium lacking dex but containing BIO or GW. After
8 days of culture, ALP activity and the secretion of OPG
were measured. Both inhibitors induced the ALP activity,
but this was observed at low doses of inhibitor; in the case
of BIO, the maximal effect was observed between 100-200
nM and for GW, the effect occurred at doses between 0.5 and
1.0 uM. At higher doses, exceeding 400 nM BIO or 1.0 uM
GW, ALP activity dropped back to control levels (FIG.
19A). Secretion of OPG rose in a dose dependent manner
upon incubation with BIO, but reached maximal stimulation
at 0.5 uM GW (FIG. 19B). It has been speculated that arrest
of canonical Wnt signaling occurs during terminal differen-
tiation of osteoprogenitor cells and Dkk-1 has been impli-
cated in this process (van der Horst et al., 2005, J Bone
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Miner Res 20:1867-1877; Liu et al., 2009, J Cell Biol
185:67-75). Dkk-1 secretion was reduced in all cases, with
maximal inhibition occurring at concentrations that induced
highest ALP activity (FIG. 19C). Even though Dkk-1 levels
were slightly elevated GW and BIO doses, they remained
significantly lower than the control. A substantial reduction
of hMSC yield was evident when exposed to concentrations
greater than 400 nM of BIO. This effect did not seem to arise
from canonical Wnt signaling since GW elicited the same
effects on f-catenin, GSK3f redistribution and stimulation
of early osteogenic markers without reduction in cellular
yield. Although BIO is highly specific for GSK3P, (Meijer et
al., 2003, Chem Biol 10:1255-1266) the parent molecule;
indirubin monooxime has been shown to inhibit cyclin
dependent kinases at high concentrations (Damiens et al.,
2001, Oncogene 20:3786-3797). Cell cycle analysis dem-
onstrated that hMSCs treated with 800 nM BIO exhibited a
similar DNA profile to those that are heavily contact inhib-
ited, suggesting that high doses of BIO inhibit mitosis (FIG.
18A). The absence of apoptotic morphology, a pre-G1 peak
(FIG. 18B) and no detectable levels of cleaved caspase 3
confirmed apoptosis was also not responsible for the reduced
cell yield.

Effects of GSK3[ and PPARy inhibition on the transcrip-
tome of hMSCs. Inhibition of GSK3[ and PPARy appeared
to increase the level of Wnt signaling concomitantly with
increased OPG secretion and ALP activity. These observa-
tions suggested that inhibitors had enhanced the early stages
of osteogenesis through acceleration of canonical Wnt sig-
naling at the expense of PPARYy activity. To examine this in
more detail, hMSCs were incubated in osteogenic media
lacking dex, but containing high (800 nM BIO and 10 uM
GW) and low (200 nM BIO and 1.0 uM GW) doses of the
inhibitors. After 8 days of culture, RNA microarrays were
performed on the hMSCs. Initial inspection of the datasets
demonstrated that they shared similarities with a study
involving human fibroblasts and Wnt3a suggesting that
canonical Wnt signaling had been accelerated. It was
observed that KIf-6, caldesmon-1, gamma-aminobutyric
acid B receptor-2, synaptotagmin like-2 were significantly
up-regulated in Wnt3a treated fibroblasts and both BIO and
GW treated hMSCs. Protocadherin-7, PR domain contain-
ing-1, gremlin-1, collectin subfamily member-12, stannio-
calcin-2 were significantly up-regulated in Wnt3a treated
fibroblasts and BIO treated hMSCs only (GW, no change).
Fibroblast growth factor-7, high mobility group AT-hook 2,
CdkS and Abl enzyme substrate-1, amyloid beta precursor
protein-binding family B2 were significantly up-regulated in
Wnt3a treated fibroblasts GW treated hMSCs only (BIO, no
change). Transducin-like enhancer of split-1 was signifi-
cantly up-regulated in Wnt3a treated fibroblasts but down-
regulated in both BIO- and GW treated hMSCs.

Irrespective of dose, differentially transcribed genes clus-
tered into 2 general groups with strong statistical signifi-
cance (p<0.0001 for all cases, FIG. 20); up-regulated in GW
and BIO treated cells compared to the vehicle control (I) and
up-regulated in the vehicle control compared to BIO and
GW (II). Gene clusters were sorted into gene ontology (GO)
tags based on known function. The majority of GO tags in
cluster I (FIG. 35) consisted of membrane, mRNA process-
ing, and intracellular rearrangement-related functions as
well as collagen and extracellular matrix (ECM) groups. The
Wnt/13-catenin GO group was also significantly represented
in this cluster. Upon examination of individual fold-changes
for differentially expressed ECM genes it was evident that
collagens and ECM proteins found in bone tissue were
up-regulated whereas those found in other tissues were



US 9,452,185 B2

47

reduced or unchanged (FIG. 38). Of interest was the down-
regulation of matrix metalloproteinase I, matrix gla-protein
and oncostatin M, all associated with inhibition of osteo-
genesis or bone catabolism. Cluster II consisted mainly of
genes responsible for steroid and lipid processing (FIG. 37).
Of note was the prevalence of prostaglandin and lipid
modifying enzymes in this cluster because these processes
often provide ligands for PPARy (Kota et al., 2005, Phar-
macol Res 51:85-94) as well as enrichment of sphingomy-
elin and ceramide related genes, which are strongly associ-
ated with lipid and steroid homeostasis (Lucki et al., 2008,
Subcell Biochem 49:387-412; Worgall, 2008, Subcell Bio-
chem 49:371-385).

Effect of GSK3f and PPARy inhibition on late stage
osteogenesis. Extended periods of incubation in BIO and
GW in the absence of dex did not induce biomineralization,
so therefore experiments were designed to measure the
effect of the inhibitors in its presence. Initially, experiments
were conducted to examine whether pre-treatment of
hMSCs with inhibitors BIO (200 and 800 nM) and GW (1.0
and 10.0 uM) in the presence of -glycerophosphate (p-GP)
and ascorbate for 8 days followed by 15 days in the same
media supplemented with dex affected mineralization of the
cultures. If BIO or GW function to accelerate the cells
through the immature stages of osteogenesis and partially to
maturity, hMSCs exposed to these conditions would be
expected to respond more rapidly to the steroid-dependent
mature osteoblast transition. After differentiation, calcium
content was visualized by Alizarin Red S (ARS) staining and
the dye was extracted and quantified. At the doses tested, and
in a dose-dependent manner, BIO and GW enhanced dex-
induced differentiation into biomineralizing osteoblasts
(FIG. 21).

The next experiments were performed to examine
whether withdrawal of the Wnt stimulus caused by BIO and
GW was necessary for the hMSCs to progress to a dex-
dependent biomineralizing phenotype. Human MSCs were
pre-cultured with BIO and GW in the presence of {3-GP,
ascorbate and dex for 17 days. Once again, inhibitor treat-
ment enhanced dex-induced biomineralization (FIG. 23)
suggesting that the action of BIO and GW enhances the early
stages of osteogenesis and removal of the stimulus is not
required to complete the process. Data from both experi-
ments suggest that Wnt modulation is necessary to induce an
early osteoprogenitor-like phenotype in hMSCs and this
process can occur simultaneously with terminal differentia-
tion. Clotted human plasma is a biocompatible and osteoin-
ductive vector for administration of hMSCs

In anticipation of in vivo experiments testing the potential
efficacy of the inhibitor treated hMSCs for the repair of
bone, a number of matrices for cell administration was
examined. It was observed that clotted human plasma sus-
tained the survival and proliferation of hMSCs in, vitro and
also accelerated steroid-induced biomineralization. When
monolayers of hMSCs are partially covered with a meniscus
of clotted human plasma, the cells in contact with the plasma
mineralize faster than the uncovered portion of the mono-
layer when dex-containing osteogenic media is provided
(FIG. 22).

Effects of GSKf and PPARy inhibition on repair of an
induced cranial defect in mice. Given that BIO and GW
accelerated osteogenic differentiation by human MSCs in
vitro, experiments were conducted to test whether the treated
hMSCs could repair a critical bone defect in vivo. Human
MSCs were cultured in the presence of osteogenic medium
lacking dex, but containing BIO (200 and 800 nM) or GW
(1.0 and 10.0 uM). Calvarial lesions were generated in nude
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mice and 1x10° hMSCs, mixed with human plasma were
applied followed by thromboplastin to initiate gelling. The
scalp was sutured and the animals were allowed to heal.
Initially, short-duration experiments were performed to
monitor distribution of the hMSCs, and to ensure the cells
had survived the implantation process. GFP-labeled hMSCs
were administered and mice were sacrificed after 24 h. Upon
histological analysis, a substantial number of GFP-labeled,
healthy hMSCs had formed a thick layer over the injury and
adjacent bone tissue (FIG. 24A, 24B). The hMSCs could be
readily detected with an antibody for membrane localized
human (-2 microglobulin (FIG. 24C, 24D). Robust anti-
body-detection of unmanipulated hMSCs, rather than lenti-
viral labeling was favored in long term experiments because
very low passage hMSCs could be utilized, rather than
genetically tagged preparations that had undergone a num-
ber of passages. Long term experiments were performed for
50 days with further doses of hMSCs administered at day 14,
28 and 42 by direct injection of a plasma:hMSC mixture
under the scalp (FIG. 25A). At day 50, the crania were
explanted and x-ray images of the calvarial lesions were
taken. The digitized images were then analysed densito-
metrically to quantify the degree of bone accrual (FIG. 25B).
The lesioned side was compared with the contralateral side
and data were expressed as the ratio of radio-opacity on the
lesioned side to the contralateral side. Surprisingly, GW,
significantly improved the ability of MSCs to repair cranial
lesions when compared to MSCs that were not drug treated.
Upon histological analysis, new bone formation was
detected in the GW groups and in the case of the 1011M GW
group, marrow sinusoids were evident in the newly formed
bone (FIG. 27A) which could be identified by tetracycline
incorporation (FIG. 27B). In contrast, there was no signifi-
cant sign of bone repair in the mock groups that received
plasma alone, and control hMSC groups, that received cells
treated with DMSO or BIO. When the sections were stained
with anti-B-2 microglobulin, isolated clusters of hMSCs
from only control and GW groups were detected (FIGS. 27C
and 27D). However, no more than a few hundred cells could
be counted throughout the entire lesion, suggesting that the
majority of cells had either died or migrated away. In both
control groups and in the GW treated groups, blood vessels
were detected, demonstrating that GW treatment had not
affected the ability of MSCs to initiate angiogenesis at
trauma sites (FIG. 28A).

Enhanced compatibility of the GW-treated hMSCs for the
osteogenic niche could explain the increased efficacy. How-
ever, upon further inspection of the microarray data, a minor
cluster was identified where genes were profoundly down-
regulated in GW-treated MSCs as compared to the control.
This cluster was highly enriched for inflammatory mediators
including IL1, IL8, and chemokines of the CXCL family
(FIG. 39). These data could be validated by ELISA assay of
supernatants from treated hMSC cultures (FIG. 40). Because
nude mice are able to elicit a macrophage and neutrophil
mediated response, it is probable that the GW treated MSCs
were protected by reduced expression of chemoattractants.

MSCs for regenerating bone. Cultures of hMSCs are
inherently heterogeneous, with the individuals of the popu-
lation possessing different propensities for osteogenesis,
chondrogenesis, adipogenesis or proliferation. Heterogene-
ity can arise from the nature of the donor, the number of past
cell doublings, and cell density. Evidence suggests that the
history of a given hMSC, with respect to the number of cell
doublings, and past exposure to different levels of cell
density can in most cases affect the propensity of a given cell
to divide or differentiate (Sekiya et al., 2002, Stem Cells
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20:530-541; Gregory et al., 2005, Sci STKE 294:pe37;
Larson et al., 2008, Stem Cells 26, 193-201). This appar-
ently stochastic distribution of cellular characteristics can be
controlled in part by the addition of cytokines, growth
factors and/or drugs. Given that both Wnt signaling and
blunting of the adipogenic axis is necessary for the initiation
of osteogenic processes in MSCs, experiments were
designed to investigate the role of small molecule inhibitors
in controlling the events. The results presented herein dem-
onstrate that Wnt signaling could be increased in MSCs by
either direct inhbition of GSK3p or by inhibiting the master
regulator of adipogenesis, PPARy. These observations sup-
ported the widespread notion that negative crosstalk occurs
between the canonical Wnt and PPARy axis, regulated in
part by the transcription factor TAZ (Hong et al., 2005,
Science 309: 1074-1078). At lower doses, expression of
early osteogenic markers in hMSCs could be significantly
enhanced by treatment with either inhibitor but this was
attenuated at higher doses. In contrast, when hMSCs were
pre-treated or simultaneously treated with BIO or GW, and
subjected to dex-dependent osteogenesis, mineralization
was upregulated in a dose-dependent manner. A simple
interpretation of these results lead to the conclusion that
endogenous canonical Wnt signaling can enhance osteogen-
esis. However, it is possible that the high-serum culture
system used in the present experiments reflect a situation
with modest osteogenic and adipogenic stimuli affecting a
balanced steady state on the cells. The presence of GW and
BIO therefore, disrupt the balance of the culture in favor of
the osteogenic lineage. In contrast, high concentrations of
PPARY agonists in our osteogenic cultures containing dex
initiate adipogenesis rather than osteogenesis.

When implanted into experimentally induced calvarial
defects in mice, GW treated hMSCs profoundly improved
healing and induced angiogenesis. Although vehicle treated
hMSCs could not significantly enhance bone repair, angio-
genesis was also induced suggesting that even vehicle
treated hMSCs had survived at the site for a duration
sufficient to initiate the process. Although the efficacy of
GW treated hMSCs is probably due to enhanced osteogenic
propensity and angiogenic properties, substantial down-
regulation of immune-chemokines is also likely to extend
their survival. In some instances, the survival of GW or BIO
treated hMSCs was transient. Without wishing to be bound
by any particular theory, it is believed that the transplanted
cells provide a supporting role for host cells. In agreement
with this observation, it has recently been demonstrated that
a population of hMSCs with a enhanced endogenous canoni-
cal Wnt signaling serves to enhance synergistically the
ostoegenic capacity of co-administered hMSCs with a lesser
degree of Wnt signaling (Liu et al., 2009, J Cell Biol
185:67-75). hMSCs treated with GW, an inhibitor of PPARY,
had increased their osteogenic propensity without blunting
viability or their ability to perform ancillary tasks such as
angiogenic stimulation. The modified cultures are essen-
tially a combination of stromal stem cells and osteoblasts,
with properties of both. Therefore, hMSCs prepared in this
manner are a unique and rationally designed cytotherapeutic
with profoundly enhanced efficacy for bone repair.

Example 2

Novel Biocompatible Matrices for In Vivo Delivery
of MSCs for Bone Repair

In the case of critical size defects, there is a need to
regrow bone to reestablish stability and support in the area
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of injury. Current treatment involves the use of metallic
implants, but this treatment sometimes carries with it serious
side effects due to the foreign nature of the implant. The
following experiments were designed to determine methods
for the production of a biocompatible osteoinductive matrix
that maintains viability and functionality when administered
to the patient.

hMSCs are multipotent cells with the ability to differen-
tiate into many cell types, including osteoblasts. These cells
are usually extracted from adult bone marrow and easily
expanded and differentiated in culture using established
methods. The differentiation of hMSC’s into osteoblasts has
been shown to rely upon Wnt signaling and this information
is important for their use in repairing bone. Secreted extra-
cellular matrix (ECM) can be extracted from hMSC cultures
that have been induced to differentiate into osteoblasts.
Furthermore hMSC’s can be successfully co-cultured with
the extracted matrix and induced to become osteoblasts.
Treatment with the Wnt-modulator, 7AIPM, was found to
have increased osteoinductive characteristics.

The materials and methods employed in the experiments
disclosed herein are now described. h(MSCs from two dif-
ferent donors. This was done by growing hMSC’s isolated
from adult bone marrow as a monolayer on 15 cm dishes in
complete culture medium (CCM) consisting of 80% a-mini-
mal essential medium, 20% fetal bovine serum (FBS), 2 mM
L-glutamine, 100 U/mL Penicillin, and 100 pg/ml. Strepto-
mycin. The dishes were kept at 37° C. and media changes
were performed 3 times a week. After one week, the media
was switch to an osteogenic media that is composed of CCM
plus 5 mM f-glycerol phosphate, 50 pg/ml. ascorbate-2-
phosphate, and 1 nM dexamethasone. Cells were allowed to
continue to grow for 3 or 6 additional weeks with media
changes as described elsewhere herein. The ECM secreted
by the hMSC’s was then scraped off the culture dishes and
extracted as set forth in FIG. 29.

The next experiments were designed to measure cell
viability and differentiation ability of co-cultured hMSCs
(e.g., GFP hMSCs) with the matrices collected elsewhere
herein. Briefly, a total of 4 samples treated with trypsin and
5 untreated samples of matrix were placed in round bottom
tubes. The GFP hMSCs were cultured as stated before for
approximately 10 days. These cells were then washed with
PBS and lifted from their dishes using trypsin. After count-
ing, 1 million cells were added to each sample of matrix.
Cells were co-cultured with matrix samples in CCM for 3
days. On day 4 the media was changed to an osteogenic
media as described elsewhere herein except for the absence
of dexamethasone. After 17 total days of culture, dexam-
ethasone was added to the media and the cells were grown
for an additional 25 days for a total of 42 days. Samples of
the media were obtained each day for analysis. Fluorescence
intensity of the constructs was measured for each of the first
17 days to determine cell numbers and viability (FIG. 31).
Media samples from days 4-9 were analyzed for OPG using
an enzyme-linked immunosorbent-assay (ELISA). Micro-
scopic photographs of the constructs were taken on day 10.
Portions of some of the constructs were frozen on day 17 and
were then sectioned. Samples were screened for GFP-
positive cells and analyzed for alkaline phosphatase activity.

In order to characterize the influence of 7AIPM on
osteogenic differentiation, hMSC’s from two donors were
cultured as described elsewhere herein with the addition of
varying concentrations of the compound or vehicle to the
media. Samples of the media were collected daily for
analysis. These samples were analyzed for the presence of
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OPG and Dkk-1 using ELISA. Alkaline phosphatase activity
of the monolayers and cell numbers were measured using a
spectrophotometer.

The results of these experiments are now described. The
data suggests that hMSCs were successfully co-cultured
with the extracted matrices. This is evidence by the stabili-
zation of fluorescence intensity. Furthermore, results indi-
cate that these cells were induced to become osteogenic.
Indications of this include the increase in OPG concentration
detected by ELISA as well as by the presence of ALP
detected in the sections of the constructs. Based on the
appearance of physical properties of the matrix it appears
that 3 weeks of culture is optimal for producing useful
samples. Finally, 7AIPM was found to have increased
osteogenic characteristics as shown by the increased ALP
activity and OPG concentration as well as the decrease of
Dkk-1 concentration (FIG. 34).

In the claims, the word “comprising” does not exclude
other elements or steps, and the indefinite article “a” or an
does not exclude a plurality. The mere fact that certain
measures are recited in mutually different dependent claims
does not indicate that a combination of these measured
cannot be used to advantage.

The foregoing description is of examples embodying, at
least in part, certain teachings of the invention. The inven-
tion, as defined by the appended claims, is not limited to the
described embodiments. Alterations and modifications to the
disclosed embodiments may be made without departing
from the invention. The meaning of the terms used in this
specification are, unless expressly stated otherwise, intended
to have ordinary and customary meaning and are not
intended to be limited to the details of the illustrated
structures or the disclosed embodiments. Although the fore-
going description of embodiments have shown, described
and pointed out certain novel features of the invention, it
will be understood that various omissions, substitutions, and
changes in the form of the detail as illustrated as well as the
uses thereof, may be made by those skilled in the art, without
departing from the scope of the invention. Particularly, it
will be appreciated that the one or more embodiments may
manifest itself in other configurations as appropriate for the
end use of the material made thereby.

What is claimed includes:

1. A composition for repair or reconstruction of bone

tissue, wherein the composition is produced by:

A) culturing mesenchymal stem cells for 5 to 14 days in
a culture medium lacking dexamethasone, the culture
medium comprising an effective amount of a peroxi-
some proliferator-activated receptor gamma (PPAR-y)
inhibitor, the culturing so as:

(1) to inhibit regulation of adipogenesis in the mesen-
chymal stem cells;

(ii) to induce the mesenchymal stem cells to exhibit: (a)
early or primitive osteogenic differentiation without
terminal differentiation; (b) an upregulation in gene
expression for collagen types I, III, V, VI, XI, and
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XII, and (c¢) downregulation or depletion of cytosolic
glycogen synthase kinase 3f3; and
(iii) to not induce mineralization;

B) seeding the mesenchymal stem cells onto a three-
dimensional scaffold, wherein the three-dimensional
scaffold is produced from living cells; and

C) allowing the cultured mesenchymal stem cells to
produce and secrete an extracellular matrix mixture
comprising insoluble components onto the three-di-
mensional scaffold, the insoluble components includ-
ing collagen types I, 111, V, VI, XI, and XII.

2. The composition of claim 1, wherein producing the
composition further comprises a step D) comprising decel-
Iularizing the composition to remove the cultured mesen-
chymal stem cells.

3. The composition of claim 2, wherein step D) comprises
decellularizing with one or more detergents and one or more
enzyme treatments.

4. The composition of claim 1, wherein the extracellular
matrix mixture further comprises collagen type XXI.

5. The composition of claim 1, wherein the culturing
according to step A) is for 10 days or less.

6. The composition of claim 1, wherein the culture
medium further comprises ascorbic acid and beta-glycerol
phosphate.

7. The composition of claim 1, wherein the composition
is cryopreserved.

8. The composition of claim 2, wherein producing the
composition further comprises a step E) whereby the com-
position is subsequently seeded with additional mesenchy-
mal stem cells.

9. The composition of claim 8, wherein the additional
mesenchymal stem cells are pre-treated for differentiation
into osteogenic cells.

10. The composition of claim 8, wherein the additional
mesenchymal stem cells are pretreated with a PPAR-y
inhibitor.

11. The composition of claim 10, wherein the PPAR-y
inhibitor is 2-chloro-5-nitro-N-phenyl-benzamide.

12. The composition of claim 1, wherein the mesenchy-
mal stem cells exhibit increased alkaline phosphatase activ-
ity after culturing according to step A).

13. The composition of claim 1, wherein step A) and step
B) are performed together.

14. The composition of claim 1, wherein the mesenchy-
mal stem cells produce extracellular matrix nodules after
culturing according to step A).

15. The composition of claim 1, wherein the composition
includes the three-dimensional scaffold, and the extracellu-
lar matrix mixture produced and secreted onto the three-
dimensional scaffold.

16. The composition of claim 1, wherein the composition
includes the three-dimensional scaffold, the cultured mes-
enchymal stem cells, and the extracellular matrix mixture
produced and secreted onto the three-dimensional scaffold.
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